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8Chapter 1 | General Introduction
Loss of tooth substance may be the consequence of a trauma, wear or caries. For a long 
period of time the prevalence of caries has been the focus of attention as it was very common 
and destructive. Since fluoride was added to tooth paste the incidence of caries has been 
more contained. This change moved the attention of patients as well as professionals more 
in the direction of tooth wear. Moreover, the prevalence of tooth wear is also increasing the 
last decades and changed the focus of attention. 
The etiology of tooth wear is usually multifactorial, comprising effects of erosion, abrasion 
and attrition [1, 2]. Erosion can be described as the ‘chemical dissolution of tooth substance 
without the presence of plaque’ [3, 4]. The acids responsible for erosion are not the products 
of the intraoral microflora, but stem from dietary, occupational, or intrinsic sources. The 
source of intrinsic acid is the gastric content, which through regurgitation, vomiting or gastro-
oesophageal reflux may enter the mouth, where it may damage the dentition (in patients of 
all ages) [1, 5]. Attrition is mechanical wear due to tooth-tooth contact as a result of function 
and/or parafunction (bruxism). Parafunctional habits include tooth grinding and tooth 
clenching. Habitual tooth grinding is known to result in extensive loss of incisal and occlusal 
tooth tissue. Tooth clenching is characterized by no or only minimal excursive movements, 
resulting in more localized tooth wear, although cusp fractures and palatal imprints of lower 
incisors have been linked with tooth clenching [5]. Abrasion is mechanical wear as a result 
of other functional and non-functional use of the teeth, such as mastication, oral hygiene 
procedures and habits like nail-biting or pen-biting [3]. Both in vitro and in vivo observations 
have shown individual wear mechanisms to rarely act in isolation [2]. 
Tooth wear represents irreversible 
and cumulative damage, but it is 
also to some degree a normal, 
physiological feature of ageing. It 
is therefore important that terms 
relating to the extent and 
pathological nature of tooth wear 
are clearly defined. The term 
‘severe tooth wear’ refers to the 
amount of tooth substance lost, 
and is defined by the highest grade 
of index scores, whereas the term 
‘pathological tooth wear’ refers to 
active wear of atypically high rate and nature in relation to the age of the patient [4].
Definition of severe tooth wear
Tooth wear with substantial loss of tooth structure, 
with dentin exposure and significant loss (≥ 1/3) of 
the clinical crown.
Definition of pathological tooth wear
Tooth wear which is atypical for the age of the 
patient, causing pain or discomfort, functional 
problems, or deterioration of aesthetic appearance, 
which, if it progresses, may give rise to undesirable 
complications of increasing complexity [4].
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Patients with pathological tooth wear may sometimes require complex restorative care (for 
a plethora of reasons). To ensure appropriate function and aesthetics, provide enough space 
for restorations and to help prevent sound tooth tissue removal, an increase in the vertical 
dimension of occlusion (VDO) may be required[6-9]. The nature and extent of these 
treatment options and the phasing of the care plan for the patient is usually challenging and 
time consuming[10]. In general terms, there is a shift in restorative treatment protocols for 
the management of tooth wear towards minimal-intervention approaches. This has been 
described as the ‘dynamic restorative concept’ [11]. Although less invasive, such approaches 
tend to be just as complex and as technically demanding as conventionally prescribed 
treatments. 
Radboud Tooth Wear Project
In 2010 the ‘Radboud Tooth Wear Project’ was started at the dental school of the Radboud 
university medical center in Nijmegen, the Netherlands. It is a large and multi-facetted 
clinical study, aiming to answer different questions. 
The primary goals of the project are to:
• Determine risk factors causing the disbalance between intra-oral attack and defence 
leading to severe tooth wear.
• Explore options for an optimal and ‘personalized management’ of severe dental wear.
Patients are referred by general practitioners to the Tooth Wear Clinic at the Radboudumc 
dental school for assessment and treatment. After the registration at baseline, a treatment 
plan (to include a discussion of all reasonably possible treatment options as a means of 
gaining informed consent) is established. There are no established guidelines on the 
indication of restorative treatment for severe tooth wear, nor for the treatment protocol, 
when restorative treatment is chosen. 
There is some evidence that even severe tooth wear may not be very progressive and 
therefore may not require immediate restoration [12]. Evidence from clinical studies 
(although of a limited variety) has in general, shown that the application of direct composite 
resin restorations for rehabilitation of patients with severe tooth wear to be associated 
with a reasonably successful outcome (with a reported annual failure rate of approximately 
3%) for the restorations [13-16], although high failure rates for composite restorations 
have also been described in the contemporary literature [17]. Indirect techniques have also 
been described and recommended for the treatment of severe tooth wear cases, however, 
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clinical trials are limited to a study on indirect composites (with unfavorable outcome)[17], 
while not much information is available on crowns or onlays. Therefore, in the Radboud 
Tooth Wear Project several approaches were explored, including non-restorative treatment, 
composite resin restorations both direct and indirect , as well as 3D CAD-CAM fabricated 
resin nanoceramics.
The Radboud Tooth Wear Project up to this moment includes four different study arms 
(see Table 1). The first study arm consists of patients with severe or pathological tooth wear 
who were advised to have a non-restorative intervention with counseling and monitoring as 
there was no request by the patient and no objective reason to prescribe restorative care. 
‘Counseling’ included the provision of information to the patient about their tooth wear and 
establishing an individual preventive program; whilst the process of ‘monitoring’ included 
the objective measurement of the amount of wear and its progression over time. 
Counseling commenced with identification of possible risk factors; indeed, the latter formed 
the basis for the discussion about preventive measurements with the patient, frequently include; 
the prescription of an occlusal splint/ a night guard in case of bruxism, giving dietary advice, 
discussing drinking and eating habits, or referring the patient to their general practitioner/or a 
gastroenterologist when a gastro-esophageal reflux disease (GORD) was suspected. 
Monitoring had the aim to objectively determine the amount of tooth wear and evaluate 
the progression of wear over time, see Fig. 1. The severity of tooth wear was determined by 
the use of an index score, in this case the Tooth Wear Index (TWI) and later in study arm 4 
the Tooth Wear Evaluation System (TWES) [5, 18]. Monitoring can be performed by using 
a series of ‘traditional’ casts or digital 3D datasets/scans of teeth obtained over a period 
of several months or years. These casts or digital 3D datasets are also an aid to elucidating 
the etiology of the process and can serve as valuable tools to help explain the nature and 
severity of the condition to the affected patient [4]. These registrations of the amount 
and progress of the tooth wear were repeated after baseline at 1 year, 3 years and 5 years. 
At the point where it became apparent that restorative intervention was needed (and the 
patient consented), the patient moved to one of the other study arms in which a restorative 
treatment was performed. 
11
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Table 1; The registration methods, moments and treatment options for the different study arms of the 
Radboud Tooth Wear Project. 
Study arm 1 Study arm 2 Study arm 3 Study arm 4
Registration
Methods
-Tooth wear index-
score (TWI)
-Dental casts
-3D scans
-Intra-oral photographs
-Questionnaires
-Tooth wear index-score 
(TWI)
-Dental casts
-3D scans
-Intra-oral photographs
-X-rays
-Questionnaires
-Tooth wear index-score 
(TWI)
-Dental casts
-3D scans
-Intra-oral photographs
-X-rays
-Questionnaires
-Tooth wear evaluation 
system-score (TWES)
-3D scans
-Intra-oral photographs
-X-rays
-Questionnaires
Registration 
moments
-Baseline
-1y after baseline
-3y after baseline
-5y after baseline
-Baseline
-1 month after treatment
-1y after treatment
-3y after treatment
-5y after treatment
-Baseline
-1 month after treatment
-1y after treatment
-3y after treatment
-5y after treatment
-Baseline
-1 month after treatment
-1y after treatment
-3y after treatment
Treatment Counseling & 
Monitoring
-<3mm VDO increase
-direct composite 
restorations
- >3mm VDO increase
-direct composite restorations 
or a combination of direct 
and indirect restorations 
(hybrid technique)
- >3mm VDO increase
-3D CAD/CAM nanoceramic 
resin restorations and 
direct composite veneer 
restorations
The other study arms involved some kind of restorative treatment. Based on the necessary 
increase of the vertical dimension of occlusion patients were divided into study arm 2 or 3. 
Study arm 2 contains patients who were in need of a limited increase in vertical dimension 
of occlusion of 3mm or less. The patients were treated with direct composite restorations 
only (see Fig. 2). Study arm 3 contains patients who were in need of a VDO increase of 
more than 3 mm. In this study arm an RCT was performed with either direct only, or direct 
plus indirect composite restorations. The determination of the required increase in VDO is 
described by the flowchart (Fig. 3). 
The applied technique for building up teeth of the patients in the direct composite study 
arm (2) followed a protocol commencing with the restoration of the mandibular lower 
anterior dentition, followed by maxillary anterior teeth, lower posterior teeth and upper 
posterior teeth in which the increase of VDO was transferred intra-orally with the aid 
of the silicon stops fabricated at the stage of undertaking the mock-up procedure. The 
technique preferably used for this is the DSO technique (direct shaping by occlusion)[19]. 
In study arm 3, in addition to the direct only technique, a so-called hybrid technique was 
used. Indirect resin composite restorations were designed as additive occlusal veneers, also 
described as additive ‘uplay or tabletop restorations’ (conventional technical laboratory 
procedure). This was done for the palatal/lingual surfaces of the upper and lower anterior 
teeth as well as for the first molar teeth in both arches. The remaining restorations were 
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fabricated using the DSO technique, as described above. Where indicated, existing direct 
restorations were also replaced. 
The most recent study arm (4) in the RTWP assesses the performance of a full digital work 
flow and patients were treated with 3D CAD-CAM restorations of nanoceramics (LAVA 
Ultimate, 3M). All posterior teeth and the palatal/lingual side of the upper and lower 
anterior teeth were made of indirect CAD-CAM manufactured restorations. The buccal 
surface veneer restorations on the upper and lower teeth were made of direct composite 
resin restorations.
Fig 1; A counseling & monitoring patient at baseline and after 5 years of counseling & monitoring.
Fig 2; Intraoral images and models from a patient in the direct composite restorations only study arm (2), 
before and after treatment and a 5-yrs follow-up.
13
1Fig 3; Flowchart of the procedure for determination of the required increase of the vertical dimension of occlusion (VDO) [20].
Estimation of increased VDO: 
1.  Using cast models and based on original anatomical form, the loss of vertical 
tooth substance at location of the first molar can be estimated 
2. Is tooth wear at other locations more severe? 
3. What is the best intermaxillary relation (habitual occlusion or centric relation)? 
4. Is it necessary and possible to lengthen upper/and or lower anterior teeth?
Are there complicating factors? Adjust for complicating factors: 
-Overjet (Angle Class II/1) 
-End-to-end anterior relation 
-Anterior open bite 
-Other…Preliminary determination of 
increase in VDO
Clinical try-in session: 
-Mock-up on teeth #13 till #23 with direct composite 
-Checking smile design (lip-generated) 
-Approval of the patient (informed consent)
Adjustment necessary
 
If correct: Final determination of VDO
Yes
No
 
Restorative 
intervention
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PhD project
The main studies in the RTWP were very much clinician-initiated and treatment performance 
oriented. However, when meeting all of these patients with severe tooth wear and listening 
to their stories, it became clear to us that the impact of the condition and its treatment for 
patients was just as, or even more, worthy of formal research. The most frequently reported 
complaint was pain, (caused by various factors). Aesthetics was another complaint that was 
heard very often, where patients had reported feelings of embarrassment when smiling 
and reported the need to ‘hide their smile’. All clinical questions focused on in this thesis 
evolved out of stories, complaints or questions the patients themselves had. This explains 
why the studies did not all start at the beginning of the RTWP and that therefore the study 
groups in the different sub-studies are not of the same size. 
This thesis focuses on a specific feature of both tooth wear itself and its restorative 
treatment: the change in vertical dimension of occlusion. Clinical considerations related to 
the VDO when restoring a patient’s dentition are the remaining tooth structure, the space 
available for the restoration, occlusal variables and aesthetics [21]. 
Minimizing the increase in VDO reduces the overall complexity of the restorative treatment. 
Increasing VDO has been reported to be a safe procedure, and any consequential signs and 
symptoms appear to be self limiting [21]. However, evidence for both the effects of loss of 
VDO and raising of the VDO with restorative treatment on subjective and objective patients 
related outcomes is very limited, and this thesis explores some of the effects in more detail 
(using the data collected in Radboud Tooth Wear Project). We decided to look at facial changes 
and esthetics, chewing performance, speech characteristics, always including both objective and 
(patient) subjective measurements, and overall oral health related quality of life measurement.
A possible effect of a treatment with an increase in vertical dimension is a change in the dimension 
of the lower facial height. The face has been found to be the central feature taken into account 
in making overall aesthetic judgments of others [22], and the aesthetics of the face are affected 
by facial form and facial height. Individual faces may be evaluated in three dimensions of space: 
transverse, antero-posterior (A-P), and vertical, the latter two proved to be more important in 
studies of facial aesthetics [23]. Vertical facial form and proportional relationships have been 
studied and analyzed for centuries[24]. Research showed that, in general, observers prefer the 
facial proportion of Lower Anterior Facial Height to Total Anterior Facial Height (LAFH/TAFH) 
to be around 55% [25]. Ratings of facial aesthetics decreased as proportions diverted from the 
norm [26]. Additionally, relationships have been made between changes in VDO and soft tissue 
LAFH proportions [25]. In chapter 2 and 3 the effect of changes in the lower facial height due 
to (experimental) artificial blocks or (clinical) restorative tooth wear treatment was investigated.
15
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Little is known about the masticatory performance in patients with severe tooth wear, let 
alone in patients who have been treated with a full rehabilitation in an increased vertical 
dimension. Tooth wear causes alterations of the morphology of teeth due to loss of tooth 
substance. This may influence the height of vertical dimension of occlusion (VDO) and 
may also affect the patient’s function, comfort, aesthetics and quality of life [27]. A 
resulting loss of VDO, together with or through reduced bite force, may lead to an impaired 
masticatory performance. However the effect may be absent/less noticeable amongst cases 
where dentoalveolar compensation has concomitantly take place, (or may even be positive 
due to an increased occlusal area of worn teeth). In chapter 4 the effect of tooth wear on 
masticatory performance is investigated. 
The increase in VDO during restorative treatment of tooth wear may lead to alteration of 
bite force and in turn in increase of masticatory performance, as bite force is considered 
one of the main factors related to masticatory efficiency [28]. Moreover, restorative 
treatment of the worn dentition alters inevitably the occlusal morphology. This may lead 
to alteration in occlusal contact area, either a decrease or increase, and consequently 
altered masticatory performance, as post-canine occlusal contact area has been positively 
correlated to masticatory performance [29]. Chapter 5 will report on a study evaluating the 
effect of the treatment on masticatory performance.
Another aspect that may be influenced through a treatment with an increase in vertical 
dimension is speech/ phonetics. Speech is a set of sounds that are of course different in 
every spoken language. The production of speech is divided into five different levels: 1. 
Respiration: the air flow that is generated by the sound; 2. Phonation: the production of 
sounds; 3. Resonance: the formation of sounds by the pharynx cavity; 4. Articulation: the 
movement of the oral cavity; and 5. Supra-segmental characteristics: the rhythm, intonation 
and pitch [30]. Any abnormality of teeth or missing teeth may affect the production of 
specific speech sounds. Along with the tongue, teeth are involved in the production of, for 
example, /f/ and /v/ and help to produce the frication in sounds like /s/ and /z/ as the breath 
stream passes over the edges of the incisor teeth [31]. Speech sounds most frequently 
misarticulated after the increase in VDO included /s/ and /sh/. These sounds are produced 
when exhaled air arises to the mouth and is guided by the tongue [32]. Although some 
previous studies have investigated the effect of tooth wear on oral functions [33-35], there 
is little to no knowledge about the effect of a full rehabilitation of the worn dentition with 
an increase in VDO on speech. Chapter 6 focuses on this aspect of treatment effect.
It is known that tooth wear has an impact on patient’s satisfaction with their dentition regardless 
of tooth wear severity or personal factors. Poor appearance and inadequate function are 
the main causes for discontent and may motivate patients to seek treatment [36]. Patients 
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often complain about tooth sensitivity (due to dentin exposure), dental pain (involvement 
of the pulp), poor aesthetics (shortened clinical crown length), and functional impairment 
(difficulties with chewing due to occlusal alterations and dental tissue loss) [37]. However, 
dissatisfaction with their appearance is the most common complaint [38, 39]. Dental disease 
may influence an individual’s capacity to live comfortably, be successful in employment, enjoy 
life, experience relationships, and possess a positive self-image [40]. Even given the fact that 
dental disease is rarely life threatening, it can still affect quality of life [41, 42]. Different 
levels of oral status have various impacts on daily living and therefore, the clinical status and 
psychological dimensions should be addressed whenever dental needs are being assessed [42, 
43]. Chapter 7 will overview the impact of tooth wear on the Oral Health related Quality of 
Life of patients with severe tooth wear and the effect of the treatment the patients received.
The objectives of this thesis are based on the idea to explore different effects 
of an increase in VDO in patients with a need of treatment due to generalized 
tooth wear:
• Evaluate the facial changes in the lower facial height with 3D -stereophotogrammetry 
(chapters 2 and 3)
• Investigate the impact of tooth wear on masticatory performance with the use 
of a comminution test and to investigate the impact of an increase of VDO with 
composite resin restorations on the masticatory performance (chapter 4 and 5)
• Evaluate changes in speech in patients with severe tooth wear after a full restorative 
treatment with the use of an objective acoustic analysis and a questionnaire for 
subjective changes (chapter 6)
• Investigate the oral quality of life in patients with tooth wear and in patients who 
received an increase in VDO with an evaluation period of one year (chapter 7)
17
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Abstract
Objective
The purpose of this study was to evaluate the 3D-stereophotogrammetry technique to 
detect differences in facial appearance after a simulated rehabilitation.
Materials and Methods
Eleven volunteers without tooth wear participated. A 3D-stereophotograph was taken in five 
different situations; resting position, teeth in occlusion, and teeth in occlusion with a 1mm-, 
3mm- or 5mm resin block between the first molars. Cephalometric measurements were 
performed on the 3D-stereophotographs using the software program Maxilim® (Medicim 
NV Mechelen, Belgium). Four anatomical parameters were analyzed; 1) Subnasale-
Gnathion, 2) Subnasale-Stomion, 3) Stomion-Gnathion and 4) Masseter right-Masseter 
left. A paired Student’s T-test was applied to detect significant differences (p<0.05). 
Results
Statistically significant changes in facial appearance of the lower facial height were detected 
in all measured positions, teeth in occlusion, 1mm-, 3mm-, and 5mm block (p<0.05). 
For the main distance (Subnasale-Gnathion) the mean measured differences were resp. 
3.2mm; 5.2mm and 6.7mm.
Conclusions
With 3D-stereophotograph imaging technology, it was possible to detect changes in facial 
appearance after an artificial increase of VDO. This finding implies that reconstruction of 
loss of tooth substance may cause a visible change in facial appearance of the patient. 
Clinical significance
This study allows a new 3D imaging technique which may be used for a better and more 
comprehensive treatment planning in patients with severe tooth wear.
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Introduction
Due to increasing loss of tooth substance of non-carious nature, the general dental 
practitioner is more often confronted with severely worn dentitions [1]. It is known that 
tooth wear is often multifactorial and leads to the loss of enamel and dentin [2]. Tooth 
wear does not only influence the dentition but also influences the morphology of the 
adult craniofacial complex and statistically significant differences in facial morphology 
between subjects with worn and unworn dentitions have been reported [3]. Previously, it 
was suggested that loss of occlusal tooth structure may result in noticeable changes in face 
height. This process is multifactorial and includes effects from eruption of the dentition and 
facial growth changes [4]. This would mean that the variability of the effect of tooth wear 
on the vertical dimension of occlusion (VDO) and the morphology of the dento-alveolar 
structures may be accounted for by compensatory mechanisms, which may produce the 
wide range of variation that can be observed clinically in subjects [4].
When treating severe tooth wear with restorative techniques, the bite is often raised 
considerably [5,6]. Patient demand for this treatment is often driven by esthetic 
improvement and the esthetic effect of lengthening anterior teeth to a natural dimension is 
predictable. It is not well known what to expect in facial changes when the vertical dimension 
of occlusion is increased due to tooth wear in the posterior and anterior region.
VDO is defined as the distance between the arches with teeth in centric or non-centric 
intercuspal position, measured between two facial landmarks, for example between Nasion 
to Gnathion [7]. VDO is often measured using the conventional cephalometric analysis 
of the facial profile. Unfortunately, this technique requires the use of radiation. Another 
method is the clinical use of anthropologic spreading calipers, using reference points on 
the facial soft tissues. This is a relatively easy technique, but measurement errors caused 
by movement of the repositioning of the spreading calipers are possible [8]. A new method 
to measure soft tissue facial profile is 3D-stereophotogrammetry [9]. This method is 
now widely used by oral- and maxillofacial surgeons to virtually plan and evaluate surgical 
procedures. 3D-stereophotogrammetry may be used to capture the soft tissue surface of 
the face with correct geometry and texture information [10].
The purpose of this pilot study was to evaluate the 3D-stereophotogrammetry technique to 
detect differences in facial appearance after a simulated dental build-up.
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Materials and Methods
Subjects
Eleven volunteers, recruited from students and employees of the Radboud University 
Nijmegen, the Netherlands (5 males, 6 females; mean age 25±3 years; ranging from 21 to 
32 years) participated in this study. The following inclusion criteria were used for selection 
of the subjects: 
1) permanent dentition; 2) 28 teeth present; 3) Caucasian; 4) age between 18-35 years; 
5) no pathological wear. The study was approved by the Ethics Committee of the Radboud 
University Nijmegen Medical Center and conformed to the declaration of Helsinki. All 
volunteers provided informed consent prior to participation in the study.
Artificial increase of VDO
To simulate an increase of vertical dimension of occlusion (VDO), blocks were made of hard 
resin PTFE Teflon in thicknesses of 1mm, 3mm and 5mm and measured 1.5 by 1.5cm. For 
each thickness two blocks were made, one for the right side and one for the left side. Blocks 
were placed on right and left side at the location of the first molars. Blocks were disinfected 
with alcohol 70% for 3 minutes between patients. 
3D-stereophotogrammetry
3D-stereophotographs of the volunteers were captured using a 3D-stereophotogrammetric 
camera setup and software program Modular System (3dMDfaceSystem; 3dMD LLC, 
Atlanta, USA), operated by a trained photographer. During the whole procedure, volunteers 
were seated with a natural head position. For the first image (maximum intercuspidation: 
D0), volunteers were instructed to swallow, close in maximum intercuspidation, relax and 
close their lips, and keep their eyes open during image capturing. Subsequently, for the 
resting positioning (Drest) volunteers were asked to swallow and then to keep their lower 
jaw in a resting position, in which teeth were not in occlusion. For measurements with an 
increased VDO (D1, D3 and D5), resin blocks of 1mm, 3mm or 5mm in thickness (in that 
order) were placed at the location of the first molars, right and left. Each volunteer was 
asked to close the bite on these blocks, keeping them in place during image capture with 
minimum bite force. Each photograph was taken a couple minutes after the previous one. 
The photographs were used for data analysis.
3D-cephalometric landmarks
Using 3D-cephalometric landmarks, distances on the 3D-stereophotographs were 
measured (Figure 1). Three of these landmarks, Glabella, Subnasale and soft tissue Gnathion 
were taken from the soft tissue analysis of Plooij [10]. Soft tissue gnathion (Gn) is the most 
inferior midpoint on the soft tissue contour of the chin located at the level of the 3-D 
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cephalometric hard tissue Menton landmark [11]. Three other landmarks were added to 
this analysis: Stomion (St), m. Masseter right and m. Masseter left (Table 1). A modified 
Swennen soft tissue cephalometric analysis was carried out by one trained investigator 
using the software program Maxilim® (Medicim NV, Mechelen, Belgium). 
In the analysis different distances were measured: Subnasale-Gnathion (Sn-Gn), Subnasale-
Stomion (Sn-St), Stomion-Gnathion (St-Gn), m. Masseter right-m. Masseter left (Mass total). 
Mass total is the combination of m. Masseter right-Subnasale and m. Masseter left-Subnasale. 
All measured distances are given in mm. In the analysis, the distance Subnasale-Gnathion, 
equivalent to soft tissue VDO, was regarded as the most important distance in this study. 
Fig1; Soft tissue landmarks used in the analysis.
Color-coded distance maps
The pre and post 3D-photographs were superimposed using the surface based matching 
tool of the Maxilim® software package. This resulted in a colour-based image indicating 
the unchanged areas (in white), decreased (in red) and increased (in green) facial volumes. 
A higher intensity of discoloration corresponds with a larger change in facial volume. In this 
study the color-coded distance maps are provided solely for illustration purposes.
Statistical analysis
For the five different measured subsets (D0, Drest, D1, D3 and D5) all 3D-stereophotographs 
per setting were analyzed two times with an interval of two weeks. Paired Student’s t-tests 
were used to calculate intra-observer reproducibility. As all analyses are based on comparisons 
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within a person, the differences were sufficiently normally distributed to allow the use of the 
paired t-test(p<0.05). Reliability coefficient was calculated as Pearson´s Correlation coefficient 
between the rounds, the duplicate measurement error was calculated as the standard deviation 
of the differences between round 1 and 2, divided by √2. To analyze a possible non-random 
difference between repeated measurements, the mean difference (95% CI, p-value) was 
calculated. The final value of round 1 per distance was the mean value over all 11 volunteers. 
D0 (maximum intercuspidation) was regarded as baseline and to which other settings were 
compared. For the main study outcome: Subnasale-Gnathion or VDO, differences between 
different block thicknesses (1mm, 3mm and 5mm) were additionally analyzed. 
All statistical analyses were performed with the Statistical package for Social Sciences 
(SPSS 20).
Distance Correlation DME
Structural difference
Diff. 95%CI diff p-value
SnGnrust 0.76 2.23 1.02 [-.1...3.14] 0.31
SnGnD0 0.89 1.71 0.85 [0.77...2.48] 0.27
SnGnD1 0.81 1.98 1.05 [0.84...2.93] 0.25
SnGnD3 0.88 1.42 0.25 [-1.09...1.6] 0.68
SnGnD5 0.84 1.54 0.64 [-0.83...2.1] 0.36
SnStrust 0.87 1.08 0.15 [-0.88...1.17] 0.80
SnStD0 0.94 0.91 0.60 [0.27...1.47] 0.16
SnStD1 0.90 0.87 0.45 [0.37...1.28] 0.25
SnStD3 0.88 1.05 0.14 [0.86...1.13] 0.76
SnStD5 0.93 0.99 0.12 [0.82...1.06] 0.79
StGnrust 0.76 1.57 0.89 [-0.6...2.38] 0.21
StGnD0 0.74 1.52 0.23 [1.22...1.67] 0.73
StGnD1 0.54 1.65 0.59 [0.98...2.16] 0.42
StGnD3 0.72 1.52 0.08 [1.36...1.53] 0.90
StGnD5 0.47 1.65 0.54 [0.94...2.01] 0.44
MassTotrust 0.97 1.18 0.62 [0.51...1.74] 0.25
MassTotD0 0.99 0.70 0.25 [0.42...0.91] 0.43
MassTotD1 0.99 0.97 -0.66 [1.58...0.26] 0.14
MassTotD3 0.98 1.11 0.30 [0.75...1.35] 0.54
MassTotD5 0.9 0.76 0.71 [0.02...1.43] 0.05
Table 1; Results of the reproducibility analyses, with Pearsons correlation coefficient, duplicate measurement 
error, average difference (in mm), 95% confidence interval of the repeated measurements and p-values. 
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Results
Results of the reproducibility analysis are shown in Table 1. Most measurements had a 
correlation coefficient of >0.8, however the correlation coefficient for Stomion-Gnathion 
D0, D1, D3 and D5 and for Subnasale-Gnathion Drest was < 0.8. The duplicate measurement 
error ranged between 0.7 and 2.2. None of the results showed a statistically significantly 
difference between repeated measurements.
In Table 2, results for the different distances are presented. Regarding the main distance, 
Subnasale-Gnathion (Sn-Gn), changes for Drest, D1, D3 and D5, as compared with D0, 
were statistically significant (p≤0.001). Intermediate changes: D1-D3, D3-D5 and D1-
D5 were also statistically significant (p<0.01). When the main distance was divided into 
Subnasale-Stomion and Stomion-Gnathion the results for Subnasale-Stomion were 
statistically significant for D3 and D5 compared with D0 (p≤0.02) but not for Drest (p=0.1) 
and D1 (p=0.18). For Stomion-Gnathion all measurements were also statistically significant 
compared to D0 (p≤0.01). The results regarding the width of the face, Masseter total, 
showed significant changes for D1, D3 and D5 (p≤0.01) but not for Drest (p=0.28).
Mean D0 mm (sd) Position Mean mm (sd) Diff. 95%CI diff p-value
Drest 65.6 (4.4) 1.7 [0.9 … 2.4] 0.001
Sn-Gn 63.9 (5.0) D1 67.1 (4.0) 3.2 [1.8 … 4.6] <0.001
D3 69.1 (3.9) 5.2 [3.8 … 6.5] <0.001
D5 70.6 (3.6) 6.7 [5.0 … 8.4] <0.001
Drest 20.6 (3.0) 0.5 [-0.1 … 1.2] 0.095
Sn-St 20.1 (3.5) D1 20.7 (2.7) 0.6 [-0.4 … 1.6] 0.183
D3 21.6 (2.6) 1.5 [0.3 … 2.7] 0.018
D5 22.2 (3.5) 2.2 [ 1.1 … 3.3] 0.001
Drest 44.9 (2.9) 1.1 [0.3 … 1.9] 0.01
St-Gn 43.9 (2.6) D1 46.6 (2.0) 2.5 [1.7 …3.3] <0.001
D3 47.5 (2.5) 3.6 [2.3 … 5.0] <0.001
D5 48.3 (1.8) 4.5 [2.9 … 6.1] <0.001
Drest 129.3 (6.3) 0.3 [-0.3 … 0.9] 0.275
Mass-Total 129.0 (6.3) D1 130.2 (6.3) 1.2 [0.3 … 2.2] 0.015
D3 130.1 (6.0) 1.1 [0.3 … 1.9] 0.01
D5 130.1 (5.8) 1.1 [0.4 … 1.8] 0.05
Table 2; Average result for each measurement (in mm) and difference between D0 and the other positions 
(Drest, D1, D3 and D5), with the results of statistical test (paired t-test).
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Fig 2; Color-coded distance map of one patient with blocks in situ. The red areas represent decrease and the 
green areas represent increase in mm. Scale is from -10mm to +10mm.
Figure 2 shows the color map from a typical study patient. A decrease in volume is shown 
in red and an increase in green. 
Discussion
This is the first study that accurately describes dimensional changes in the lower facial area 
after an artificial bite increase, with the use of 3D-stereophotogrammetry. With a 3D-soft-
tissue analysis changes in lower facial appearance as a result of an artificial increase of vertical 
dimension were analyzed. For validation of 3D-soft-tissue analysis for this specific evaluation, it 
was decided to perform a study investigating differences in facial appearance within 11 volunteers 
without severe tooth wear. 
The results have shown a statistically significant increase of the lower facial height when the 
bite was raised with 1mm, 3mm or 5mm at the location of the first molars. This increase was 
exponential and related to the thickness of the blocks: the thicker the blocks, the greater 
the increase of the lower facial height (Table 1). The measured change was consistently larger 
than the thickness of the placed block, for example, when placing a block of 3mm thickness, 
an increase in lower facial height of 5.2mm was measured. This may be partly explained by 
rotation and translation in the temporomandibular joint, resulting in a larger displacement at 
the location of the incisors at a given displacement at the location of the molars. Furthermore, 
the interdigitation of molars has to be taken into account. A flat block between the molars 
prevented interdigitation of the cusps, also resulting in a small additional increase of the 
distances. When eliminating the interdigitation effect, for instance when looking at the facial 
height changes between the 1mm and 3mm blocks, the result is exactly 2mm (Sn-Gn D1-D3) and 
for the subsequent step (Sn-Gn D3-D5) the change is 1.5mm. This might indicate that the effect 
of rotation is increasingly compensated for by the soft-tissues. The instruction to the volunteers 
to close their lips when closing on the blocks may have enhanced this effect.
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The decision to use blocks of these particular heights (1, 3 and 5mm) was based on clinical 
experience at reestablishing the VDO in patients with severe tooth wear.6 In that study the 
applied increase of VDO was between 2 and 4 mm. It was stated in a review that a 5mm maximum 
increase in VDO can be justified to provide adequate occlusal space for the restorative material 
and to improve anterior teeth esthetics [12]. In a recent systematic review on treatment options 
for patients with severe tooth wear eight studies made a comment on the necessity of testing 
the new VDO in advance of restorative treatment [13]. In a recent publication the size of the 
increase in vertical dimension was mentioned specifically, for one case it was 3mm and for the 
other case 3.5mm [14]. In another publication it was mentioned that an increase of VDO should 
be minimal to avoid lack of patient adaptation and to ensure preservation or re-establishment 
of functional anterior interarch contacts [15]. However, no clinical studies have been performed 
so far to establish the maximum increase in VDO or to determine the necessity to test this new 
VDO in advance of the restorative treatment.
Space between teeth in upper and lower jaw in a physiological resting position is defined as 
freeway space [7]. Freeway space is the difference between the vertical dimension in resting 
position and occlusal vertical dimension (in this case Drest and D0). It is classically measured 
between two points (below the nose and on the chin), using empirical command, phonetic, 
or swallowing techniques [16]. Other ways to measure freeway space are: closest speaking 
space, where the patient is asked to pronounce z-s sounds; the swallowing method; the most 
comfortable position and cephalometric analysis [17]. In the present study the average distance 
for D0-Drest was 1.7±0.8mm, measured between the landmarks Subnasale and Gnathion. In 
most of the individuals a freeway space of 1 till 3mm in the front area is common [18], and a 
freeway space of 2mm has been reported as the physiological space [19].
In this study, the distance between Subnasale (Sn) and Stomion (St) was also measured to 
determine the effect of increase in vertical dimension on the length of the upper lip. It was found 
that there are statistically significant differences within this distance for D0-D3 and D0-D5. The 
point Stomion is known for its difficulty to be placed correctly. Also may this again be explained 
in part by the fact that volunteers were asked to close their lips for the 3D-photograph, which 
meant that the upper lip was not in a resting position but was brought into tension. 
The reliability of 3D-measurements is dependent on inaccuracies mainly related to the manual 
identification of 3D-soft-tissue landmarks. The 3D-soft-tissue analysis according to Swennen 
was shown to have a low intra- and inter-observer measurement error, which does not exceed 
1mm [20]. In this study, all measurements were performed by one experienced observer with 
a very good correlation coefficient between the two measurement moments (>0.8). Of all 
measurements, only Subnasale-Gnathion D0-Drest and the distance Subnasale-Stomion showed a 
relatively lower correlation, possibly due to the variation in tension of muscles during capturing.
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Use of a color-coded distance map to visualize facial morphology between before and after 
is especially advantageous, as it is not influenced by landmark identification errors. The color 
map was very useful to indicate changes in volume, one of the advantages of 3D-imaging over 
2D-imaging. The color map in Figure 2 showed an increase of volume around the lower jaw 
(green color), which could be explained with the increase of the VDO. The decrease (red color) 
was mainly located around the mouth and may be related to the subjects being asked to close 
their lips, as it appeared to be difficult and the effort might lead to stretching and tension. 
In this study new soft-tissue landmarks on the m. Masseter (right and left) were used to 
determine the effect of increase of vertical dimension on the width of the face. To trace these 
points, the outermost soft tissue parts of the face on the left and right, at a level of Subnasale, 
were defined as the landmarks. It can be seen in Table 1 that, although the distance increased by 
about 1mm when a 1mm block was placed, subsequent blocks of 3mm and 5mm did not further 
change this distance. It may be speculated that the muscle effort needed to keep the blocks in 
place caused the initial change, but that the height of the blocks did not influence this change. 
As the measurement was shown to be reproducible, it may be used in future research focusing 
on facial change.
Conclusions 
In conclusion, with the 3D-stereophotograph imaging technology, it was possible to detect 
changes in facial appearance after an increase of vertical dimension of occlusion. The 
increase of lower facial height was detectable already at a block interposition of 1mm. The 
technique may be used to evaluate changes in facial appearance in all three dimensions in 
patients with severe tooth wear before and after full rehabilitation. This finding implies that 
reconstruction of a loss of tooth substance can cause a visible change in facial appearance 
of the patient.
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Abstract
Objective
Evaluate the effect of a full rehabilitation, including an increase of vertical dimension of 
occlusion (VDO), in patients with severe tooth wear on changes in facial appearance.
Methods 
Patients with severe tooth wear were restoratively treated using direct composite 
restorations, including an increase of the VDO. Before and one month after treatment 
3D stereophotographs were taken and facial changes were measured with the use of 3D 
cephalometric landmarks. Cast models were used to determine the Tooth Wear Index (TWI) 
and the VDO-increase. The Orofacial Esthetic Scale-questionnaire was used to evaluate 
subjective happiness with appearance. Paired Student’s t-tests were used to evaluate the 
changes after full rehabilitation. The relation between the facial changes, VDO-increment 
and TWI-score were analyzed using multiple regression models (p<0.05).
Results
44 Patients (35 men, 9 women, mean age: 38.2 ± 7.1y) participated in this study. Mean 
TWI-score at baseline was 3.3 ± 0.5 and the mean increase in VDO was 1.6 ± 0.9mm. Lower 
face height increased by 1.9 mm (p≤0.001). Patients reported a significant improvement in 
orofacial appearance: OES-summary score of 34.3 ± 11.2 before and 59.9 ± 6.8 one month 
after treatment (p<0.001). The increase of VDO resulted in an increase in Lower Face 
Height (p≤0.002), whereas the TWI-score at baseline had no effect on the facial changes. 
The applied increase in VDO and TWI-score were not related to changes in OES-scores. 
Conclusions
A full rehabilitation with an increase in VDO resulted in objective differences in facial 
height as measured with 3D stereophotogrammetry. 
Clinical significance 
In patients with severe tooth wear, receiving a full rehabilitation including an increase in 
vertical dimension of occlusion, an objectively change will occur in the Lower facial height, 
but this effect will be subjectively judged as a positive change. 
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Introduction
Tooth wear is a clinical problem that is becoming increasingly important in aging populations 
[1, 2]. The most important etiological processes in tooth wear are attrition, erosion and 
abrasion. Attrition is defined as the mechanical wear resulting from tooth-tooth contact 
like bruxism. Erosion is defined as pure chemical wear in absence of bacteria, whereas 
abrasion is the loss of tooth substance by physical means other than opposing teeth [2, 3]. 
In patients with severe tooth wear the etiology is normally multifactorial [4, 5]. 
In general, anterior tooth wear is greater than that in the posterior region, resulting in 
not only physiologic, but also esthetic alterations [6]. There are two basic biological 
reactions to occlusal tooth surface loss. There may either be passive tooth eruption with 
bone remodeling and growth [7], or a lack of bone remodeling may lead to a loss in the 
vertical dimension of occlusion (VDO) [8]. Changes in lower face height after loss of VDO 
may manifest themselves as altered facial contour, narrowed vermillion borders and an 
overclosed commissure [9]. Sagittal assessment of the face may reveal mandibular pseudo-
prognathism, a sign of VDO loss and overclosure of the mandible. This observation has been 
confirmed clinically [10] and anthropologically [11]. 
The face has been found to be the central feature taken into account in making overall 
esthetic judgments of others [12], and the esthetics of the face are affected by facial form 
and facial height. Individual faces may be evaluated in three dimensions of space: transverse, 
antero-posterior (A-P), and vertical, the latter two proved to be more important in studies 
of facial esthetics [13]. Vertical facial form and proportional relationships have been studied 
and analyzed for centuries[14]. Research shows that, in general, observers prefer the facial 
proportion of Lower Anterior Facial Height to Total Anterior Facial Height (LAFH/TAFH) 
to be around 55% [15]. Ratings of facial esthetics decreased as proportions diverted from 
the norm [16]. Additionally, relationships have been made between changes in VDO and 
soft tissue LAFH proportions [15]. 
The traditional method for measuring facial changes is the clinical use of anthropologic 
spreading calipers, using reference points on the facial soft tissues. This is a relatively 
easy technique, but measurement errors caused by movement of the repositioning of 
the spreading calipers are possible [17]. A recent addition to the armamentarium is 3D 
stereophotogrammetry. This 3D technique can be used to capture the soft tissue surface 
of the face with correct geometry and texture information[18, 19].
Besides the objective measurement of the facial esthetics trough facial measurements, the 
subjective characterization of the orofacial esthetics of the patient can be determined by 
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using the questionnaire Orofacial Esthetic Scale (OES) [20, 21]. This questionnaire aims at 
aspects such as the appearance of the face and teeth. 
Patients with tooth wear may be in need of treatment due to esthetic or functional problems 
such as pain [22]. To ensure appropriate function and esthetics and to provide enough space 
for restorations there is often a need to increase the VDO. In case of generalized severe 
wear normally a full dental reconstruction has to be performed [23-25]. Comprehensive 
treatment may affect lower facial height and facial esthetics. Therefore, the aim of this 
study was to evaluate the effect of a full rehabilitation, including an increase of VDO, in 
patients with severe tooth wear on facial dimensions and facial esthetics.
Materials and Methods
Patients with tooth wear were referred by general dental practitioners to the Department 
of Dentistry of the Radboud university medical center (Nijmegen, The Netherlands). The 
inclusion took place in the period September 2011 till June 2014. Ethical approval (for a 
larger study of which the current study is a part) was sought and granted before the study 
was undertaken (ABR code: NL31371.091.10). All patients who were asked to participate 
agreed and signed an informed consent before entering the study. 
Inclusion/ exclusion criteria
The following inclusion criteria were used for selection of the patients: 1) ≥18 years; 2) 
moderate to severe generalized tooth wear (TWI ≥ 2); 3) full dental arches, with a maximum 
of one missing tooth in the posterior area; 4) absence of serious general health problems 
(ASA-score ≤3).
The following exclusion criteria were used: 1) mouth opening <3.5cm; 2) temporomandibular 
pain or dysfunction; 3) periodontitis (pockets >4mm); 5) active dental caries or endodontic 
problems.
Procedure and registrations
At the intake appointment patients were asked to complete the Orofacial Esthetic Scale-
NL (OES) questionnaire. Dental gypsum casts were made and to assess the amount of tooth 
wear, the Tooth Wear Index (TWI-index) of Smith & Knight was used[26]. Scores ranged 
between 0 (no loss of enamel surface characteristics) and 4 (complete enamel loss, pulp 
exposure or secondary dentin exposure). The highest score per tooth was used to calculate a 
mean TWI-score, which is the combined score of all present teeth per patient. Based on the 
collected information an individual treatment plan was made for a full rehabilitation with 
composite resin restorations [23, 24]. For each patient the required increase in vertical 
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dimension was estimated taking into account the amount of tooth loss substance and the 
esthetic wishes of the patient, using an intra-oral mock-up. One month after treatment 
the questionnaires were filled in again and new impressions and cast models were made. The 
VDO-increase resulting from the restorative procedure was measured at the location of 
the first molars (in mm).
3D stereophotogrammetry
Facial 3D stereophotographs were captured using a 3D stereophotogrammetric camera 
setup and software program Modular System (3dMDfaceSystem; 3dMD LLC, Atlanta, 
USA), operated by a trained photographer employed at the 3D Facial Imaging Research 
Group from the department of Maxillofacial Surgery. During the whole procedure, 
volunteers were seated with a natural head position. Before the image was taken the patient 
was instructed to swallow, close in maximum intercuspidation, relax and close their lips, and 
keep their eyes open during image capture [19]. Before treatment and one month after 
treatment 3 stereophotographs were taken per moment. The best image out of three was 
used for the analysis. The time range between the stereophotograph before treatment en 
after treatment was 1.6-7.1 months with mean time difference of 4.1 months.
3D cephalometric measurements
Using 3D cephalometric landmarks, facial dimensions on the 3D stereophotographs were 
measured. Three of these landmarks, Glabella, Subnasale and soft tissue Gnathion were 
taken from the soft tissue analysis of Plooij [18]. Soft tissue Gnathion (Gn) is the most 
inferior midpoint on the soft tissue contour of the chin located at the level of the 3D 
cephalometric hard tissue Menton landmark [27]. One other landmark was added to this 
analysis: Stomion (St), the midpoint between the upper and lower lip. A modified Swennen 
soft tissue cephalometric analysis was carried out by one trained investigator using the 
software program Maxilim® (Medicim NV, Mechelen, Belgium). The study of Plooij 
showed a high reliability coefficient for intra-observer (0.97 (0.90 – 0.99)) and inter-
observer reliability (0.94(0.69 – 0.99)) [18].
The following facial dimensions (in mm) were measured and their changes after treatment 
calculated: Glabella-Subnasale (Mid-face height), Subnasale-Gnathion (Lower-face 
height), Subnasale-Stomion (Nose- interlabial height), Stomion-Gnathion (Interlabial /
chin height). The dimension Subnasale-Gnathion, equivalent to LAFH, was regarded as the 
most important in this study. 
Color-coded distance maps
The pre-and post 3D stereophotographs were superimposed using the surface based 
matching tool of the Maxilim® software package. This resulted in a colour-based image 
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indicating the unchanged areas (in white), decreased (in orange) and increased (in blue) 
facial volumes. A higher intensity of discoloration corresponds with a larger change in facial 
volume. The distance maps were made and used for visualization purposes only.
Orofacial Esthetic Scale questionnaire
The OES questionnaire was used to evaluate the patient’s subjective appreciation of their 
facial/dental esthetics. It consisted of 8 questions about the appearance of the face, profile, 
mouth, tooth alignment, tooth shape, tooth color and gums. Questions 1 -7 are analyzed 
combined in a sum score, the last question (8) is an overall impression question and was 
analyzed separately. The answers were scored on 11-point ordinal scales, ranging from very 
dissatisfied (0) to very satisfied (10). Lower scores imply more impaired self-perceived 
orofacial esthetics. The OES has also been validated for the Dutch language and showed 
good psychometric properties in a population with self-reported tooth wear [28]. If there 
was more than one answer missing on the total OES, the questionnaire was discarded. In the 
OES questionnaire, two questions refer specifically to the face and profile views: questions 
1 and 2. These were analyzed separately.
Statistical analysis
Paired Student’s t-test was used to calculate intra-observer reproducibility of the 
cephalometric landmarks. Reliability coefficient was calculated as Pearson´s Correlation 
coefficient between the rounds, the duplicate measurement error was calculated as the 
standard deviation of the differences between round 1 and 2, divided by √2. To analyze 
a possible non-random difference between repeated measurements, the mean difference 
(95% CI, p-value) was calculated. OES sum-scores and an overall impression scores were 
analyzed with paired t-tests (95% CI, p <0.05).
For the different facial dimensions, Mid-face height, Lower face height, Nose-interlabial 
height and Interlabial-chin height and the 4 OES outcomes (summary score, overall 
impression score, questions 1 and 2) paired t-tests were used to evaluate the changes after 
full rehabilitation. 
For all four dimensions the relation between VDO-increase and TWI-score on one hand 
and the outcome measures on the other hand, was analyzed using four multiple regression 
models. The VDO-increase was centered around the mean before entering in the regression 
for easier interpretation of the results. All statistical analyses were performed with the 
Statistical package for Social Sciences (SPSS 22) and at a significance level of p < 0.05.
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Results
In total 44 patients (35 men, 9 women, mean age: 38.2 ± 7.1y) participated in this study. 
None of the patients dropped out, however due to missing answers two OES questionnaires 
were discarded. The mean TWI-score was 3.3 ± 0.5, this score was calculated by one of the 
authors (BS) with a weighted Cohen’s kappa score of 0.603. The mean VDO-increase at 
the location of the first molars was 1.6 ± 0.9mm. 
Results of the reproducibility analysis of the 3D cephalometric measurements are shown in 
Table 1. All measurements had a reliability coefficient of >0.85. The duplicate measurement 
error (DME) ranged between 0.14 and 0.39. None of the results showed a statistically 
significantly difference between repeated measurements.
N
Mean (SD)
before 
treatment
Mean (SD)
after treatment
Mean 
difference(SD) 95% CI of diff. p-value
Gl-Sn
(Midface height)
44 58.7 (3.5) 58.7 (3.4) 0.04 (1.2) [-0.3 ... 0.4] 0.798
Sn-Gn
(Lower face height)
44 67.7 (5.4) 69.6 (5.4) 1.9 (2.0) [1.3 … 2.5] < 0.001
Sn-St
(Nose-interlabial)
44 21.6 (2.7) 22.9 (2.6) 1.3 (0.9) [1.0 … 1.6] < 0.001
St-Gn
(Interlabial-chin)
44 46.0 (3.8) 46.6 (3.6) 0.6 (1.8) [0.0 … 1.1] 0.042
Table 2; 3D-cephalometric measurements of facial parameters and their changes (in mm), with p-value of 
paired T-test evaluation of the changes. 
Distance Reliability DME
Structural difference
Diff. 95% CI diff. p-value
Gl-Sn
(Midface height)
0.982 0.14 0.10 [-0.34…0.56] 0.619
Sn-Gn
(Lower face height)
0.889 0.39 0.59 [-0.61…1.79] 0.308
Sn-St
(Nose-interlabial)
0.937 0.15 0.08 [-0.39…0.56] 0.707
St-Gn
 (Interlabial-chin)
0.859 0.31 1.67 [-0.47…1.45] 0.290
Table 1; Results of the intra-observer 3D-cephalometric measurement performance analysis.
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In Table 2, results for the 3D cephalometric measurements of facial dimensional changes 
are presented. Lower face height increased by 1.9 mm (p≤0.001), whereas Mid face height 
remained stable (change 0.04mm, p=0.80). Both nose-interlabial height (1.3 mm) and 
interlabial-chin height (0.6 mm) contributed significantly to increase in the lower face 
height (p<0.001 and p=0.042, respectively). See Figure 1 and 2 for illustration.
Fig 1; Color coded distance map for a male patient who received a full rehabilitation. Blue areas represent 
areas in which the face is more prominent after treatment. Orange areas represent areas in which the face 
is less prominent after treatment.
Fig 2; Color coded distance map for a female patient who received a full rehabilitation. Blue areas represent 
areas in which the face is more prominent after treatment. Orange areas represent areas in which the face 
is less prominent after treatment. The blue area around the eyes is due to a common artifact.
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For the OES questionnaire, Table 3, patients had a summary score of 34.3 ± 11.2 before 
treatment, which significantly increased to 59.9 ± 6.8 1 month after treatment (p<0.001). 
The overall impression score increased significantly from 5.48 ± 1.92 to 8.62 ± 1.12 
(p<0.001). In this patient group, a significant improvement of patient’s evaluation of their 
facial esthetics was observed both in frontal and profile view (Question 1: 2.26, p<0.001 
and Question 2: 2.14, p<0.001, respectively). 
To evaluate the relation between the facial dimensional changes and the amount of tooth 
wear present before rehabilitation, four multiple regression analyses were performed with 
the VDO-increase or the TWI-score as independent variables and the facial height changes 
as outcome measures. As the VDO is centered around its mean, the intercept of the 
regression models can be associated with the change in distance for a patient with a mean 
increase (1.6mm) for the VDO. For Lower face height every 1mm increase in VDO had an 
effect of 1.05mm (p=0.002) on this distance. While for the Interlabial-chin height this 
effect was estimated to be 0.88mm (p=0.004). No significant effects were found for Mid 
face height or Nose-interlabial height (Table 4). No effect of baseline TWI-score on facial 
dimensional changes could be observed (Table 5). VDO-increase and baseline TWI could 
not be observed to have an effect on OES score changes. Age and gender did not improve 
the regression models so these variables were left out.
 N
Mean (SD)
before 
treatment
Mean (SD)
after 
treatment
Mean 
difference(SD)
95% CI of diff. p-value
OES summary score 42 34.3 (11.2) 59.9 (6.8) 25.6 (11.9) [21.8 … 29.2] < 0.001
OES overall impression score 42 5.48 (1.92) 8.62 (1.1) 3.14 (1.9) [2.5 … 3.7] < 0.001
OES question 1 42 6.24 (1.94) 8.50 (1.1) 2.26 (2.0) [1.6 … 2.9] < 0.001
OES question 2 42 6.45 (1.79) 8.59 (1.0) 2.14 (1.9) [1.5 … 2.7] < 0.001
Table 3; OES scores, both overall and sub-scores, and their changes, with p-value of paired T-test evaluation 
of the changes.
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Dependent Variable Effect 95% CI of diff. p-value R²
Gl-Sn Intercept 2.198 [-0.3...4.7] 0.072
(Midface height) VDO* 0.049 [-0.3...0.4] 0.819
TWI -0.639 [-1.3...0.1] 0.088
Sn-Gn Intercept 1.579 [-2.1...5.3] 0.24
(Lower face height) VDO* 1.053 [0.4. .. 1.6] 0.002
TWI 0.098 [-1.0...1.1] 0.858
Sn-St Intercept 0.806 [-1.2...2.8] 0.042
(Nose-interlabial) VDO* 0.17 [-0.1...0.5] 0.323
TWI 0.157 [-0.4...0.7] 0.597
St-Gn Intercept 0.760 [-2.6...4.1] 0.199
(Interlabial-chin) VDO* 0.88 [0.2. . .1.4] 0.004
TWI -0.057 [-1.0...0.9] 0.91
Table 4; Effect of VDO and TWI on facial parameter changes, as analyzed by multiple linear regression. 
VDO* centered at 1.6mm
Dependent Variable Effect 95% CI of diff. p-value R²
OES summary score Intercept 37.893 [11.7...64.0] 0.046
VDO* 2.656 [-2.0 . .. 7.4] 0.266
TWI -4.676 [-12.8.. .3.4] 0.253
OES overall impression score Intercept 3.609 [-0.6 .. . 7.9] 0.007
VDO* 0.184 [-0.5 .. . 0.9] 0.613
TWI -0.136 [-1.3 ... 1.1] 0.828
OES question 1 Intercept 6.233 [1.8 .. .10.6] 0.084
VDO* 0.379 [-0.3 . .. 1.1] 0.31
TWI -1.171 [-2.4 . .. 0.1] 0.072
OES question 2 Intercept 5.766 [1.8 .. . 9.7] 0.086
VDO* 0.064 [-0.6 .. .0.7] 0.850
TWI -1.071 [-2.2 .. .0.1] 0.072
Table 5; Effect of VDO and TWI on changes in the OES score, both overall and sub-scores, as analyzed by 
multiple linear regression. * centered at 1.6mm.
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Discussion
The aim of this study was to evaluate the changes in facial dimensions and facial esthetics in 
dentate patients who were in need of a restorative treatment with an increase of the VDO due 
to severe tooth wear. Facial measurements were performed with 3D stereophotogrammetry 
and subjective facial esthetics were evaluated by the patients, using the OES questionnaire. 
The results showed a statistically significant increase in the main dimension Lower face height 
of 1.9 ± 2.0mm, meaning that there is an objective change after a full rehabilitation including 
an increase in VDO. Also, from the subjective OES Question 1 and Question 2 analysis, it 
was found that patients observed a positive change in their facial esthetics after treatment.
The big advantage of the 3D stereophotogrammetry is that the 3D stereophotographs are 
always identical because of the camera setup. Because all analyses can be performed on a 
computer, the result is a reliable outcome for the measured distances.[19]. 
The reliability of 3D measurements is limited by inaccuracies mainly related to the manual 
identification of 3D soft-tissue landmarks. The 3D soft-tissue analysis according to Swennen 
showed a low inter-observer measurement error, which does not exceeded 1mm [18]. In the 
present study, all measurements were performed by one experienced calibrated observer with 
a very good correlation coefficient between the two measurement moments (>0.85). 
Most of the research on VDO and facial esthetics has been performed in the fields of 
orthodontics and orthognathic surgery and only few studies have been undertaken from 
a prosthodontics perspective. As a result, few studies have used methodologies clinically 
relevant to prosthodontics. Additionally, most orthodontic and orthognathic research has 
been conducted using only profile images of models. 
Studies which evaluated facial appearance and changes in lower facial height used 
photographs [16, 29]. Other studies used manipulated silhouettes to evaluate the esthetics 
of different lower facial heights and facial appearance [15, 30, 31]. These studies showed 
that subjects rated the unprocessed original image to be the most esthetic and as lower face 
proportions diverged from the norm esthetic scores declined. Overall, longer faced images 
scored lower than shorter faced images. 
Similarly, study participants evaluated processed images with longer lower face proportions and 
on the other hand reduced lower face proportions. They judged that people with longer lower 
face proportions were more in need of treatment from an esthetic point of view [30, 31]. 
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The multiple regression analysis showed a significant positive correlation between the 
VDO-increase and the facial dimension Lower face height, with a VDO-increase of 1mm 
resulting in a change on the 3D stereophotograph of 1.05mm. There is one other clinically 
relevant study on this topic performed by Gross et al.[32]. They evaluated the ability of 
subjects (judges) to detect increases of VDO in fully dentate adult models. Objectively, 
results showed linear increases in soft tissue lower face height by 0.5 mm for every 1.0 
mm increase in occlusal vertical dimension, whereas in this study it was 1.05:1. This could 
be explained by the fact that in this study actual restorations were applied instead of the 
use of maxillary overlays in different heights. Subjectively, subjects (judges) were unable to 
detect changes in face height in the range of 0 mm to 6.0 mm. On average only 50% of 
subjects (judges) were able to correctly identify the proper location in sequence for images 
of increased VDO of 2.0 mm, 4.0 mm and 6.0 mm [32]. The amount of wear at intake 
had no effect on the facial dimensional changes. This may be explained by a compensatory 
eruption of the teeth, limiting the reduction of the lower facial height.
In this study, the VDO-increase ranged between 1.0 and 5.0 mm measured at the location 
of the first molars. This could mean that subjectively the change in the lower facial height 
is not detectable as either a positive or a negative change for lay people and professionals. 
However, patients rated their change in lower facial height significantly more positive after 
treatment although the VDO-increase was not significantly associated with the OES 
outcome. When looking at the ratio Lower Anterior Facial Height/Total Anterior Facial 
Height it can be seen that in this study the patients’ LAFH/TAFH increased from 53.5 
±2.7% to 54.2 ±2.5%, approaching the 55% ratio of LAFH/TAFH found in the study of 
Johnston which was thought to be an ideal ratio [15].
A clinical implication, according to the findings in this study, is that, even though an increase in 
lower face height was measurable, this did not led to negative acceptance of the facial appearance. 
It rather led to more positive assessment according to the results of the questionnaires.
Conclusions
A full rehabilitation with an increase in vertical dimension of occlusion resulted in objective 
changes in lower facial height as measured with 3D stereophotogrammetry. This full 
rehabilitation led to an increased happiness with orofacial appearance as measured with the 
OES questionnaire.
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Abstract
Objective
Masticatory performance is influenced by a number of variables such as age, gender, bite 
force, and occlusal units. Tooth wear may also play a role due to changes in occlusal area and 
in vertical dimension of occlusion. The aim of this study was to evaluate the effect of tooth 
wear on masticatory performance, using a comminution test.
Materials and Methods
Patients with different degrees of tooth wear, referred by their general dental practitioners, 
and included in the Radboud Tooth Wear Project, were approached for this study and 
included after informed consent. The amount of post canine wear was scored with the 
Tooth Wear Index (TWI). The number of occluding posterior units was quantified and the 
bite force was measured using a transducer. Masticatory performance was measured with a 
communition test, with the median particle size (X50) after 20 chewing cycles as outcome 
measure. A multiple regression model was used to assess the relation between TWI, age, 
gender, bite force, occlusal units and X50.
Results
52 participants (40 male, 12 female, mean age: 40±8.2y) were included in the study. The 
post canine TWI-score was between 1.0-3.3. The average number of occlusal units per 
participant was 11.9±1.4 and the mean bite force 369±172N. The mean X50 was 4.2±1.1. 
The results showed no significant relation between post canine TWI-score, age, gender, bite 
force, and occlusal units upon the X50 (p>0.13).
Conclusions
This study showed that the degree of tooth wear could not be observed to have an effect 
on masticatory performance. 
Clinical significance
On individual level an effect could be present but looking at a larger group of patients, the 
degree of tooth wear did not have a relation with masticatory performance as measured 
with a comminution test.
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Introduction
Efficient chewing refers to the breakdown of food with minimum labour and a maximum 
rate of particle size reduction [1]. According to Lujan-Climent et al. factors that have an 
influence on this efficiency are, among others, dental state, bite force, body size, age, 
gender, salivary flow rate, jaw movements, and temporomandibular disorders (TMD) [2]. 
The number of functional tooth units and bite force are thought to be of large influence on 
masticatory performance [3, 4]. Another factor that has been investigated is the occlusal 
contact area. A study showed that the masticatory performance was positively correlated 
with the occlusal area of the post canine teeth (r = 0.55, p < 0.001)[5]. This was confirmed 
in a study in which the occlusal area was experimentally changed by varying the width of a 
food platform mounted on mandibular removable partial dentures [6].
The factor tooth wear might also be of influence on masticatory performance. Tooth wear 
is often referred to as ‘erosion‘, indicating that it is the main or only responsible factor. A 
more suitable term would be ‘erosive tooth wear’ or just ‘tooth wear’, as the wear process 
is known to be complex, and besides the chemical factor of erosion also mechanical factors 
like attrition and abrasion are important contributors to tooth wear. Especially in cases of 
severe and pathological wear the etiology will be multifactorial in most cases [7, 8]. 
Tooth wear causes alterations of the morphology of teeth due to loss of tooth substance. 
This may influence the height of vertical dimension of occlusion (VDO) and may affect 
patients’ function, comfort, esthetics and quality of life [9]. It has been observed that the 
dentoalveolar complex and masticatory system is dynamic of nature, and although loss of 
VDO is a possible consequence of tooth wear, dentoalveolar compensatory mechanisms 
may compensate for this loss [10]. Jain et al. postulate that a reduced VDO due to tooth 
wear has an impact on bite force. They found that subjects with moderate-to-severe wear 
of occlusal surface had a significantly lower maximum bite force than matched subjects 
without attrition [11]. 
Looking at all observed and assumed mechanisms listed above, it is clear that tooth wear may 
influence masticatory performance in different ways. A resulting loss of VDO, together 
with or through reduced bite force, may lead to an impaired masticatory performance. 
Whereas the effect may be absent in cases of dentoalveolar compensation, and even 
positive due to an increased occlusal area of worn teeth. It was the aim of this study to 
evaluate the overall clinical effect of tooth wear on masticatory performance. To avoid a 
major confounding influence of reduced numbers of functional units, only (almost) fully 
dentate patients were selected.
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Material and Methods
Participants
Participants with different degrees of tooth wear were referred by their general dental 
practitioners to the Department of Dentistry, Radboud university medical center 
(Nijmegen, The Netherlands). This study is a sub-study of a larger clinical trial, called the 
Radboud Tooth Wear Project (ethical approval was obtained, ABR code: NL31371.091.10). 
Participants who agreed to participate were asked to sign an informed consent document 
before entering the study.
Inclusion/ exclusion criteria (Radboud Tooth Wear Project)
The following inclusion criteria were used for selection of the participants: 1) ≥18 years and 
mentally competent; 2) mild to severe tooth wear (Tooth Wear Index-score ≥1 [12]), 3) full 
dental arches, with a maximum of one diastema in the posterior area; 4) ASA-score ≤ 3. 
The following exclusion criteria were used: 1) active maximum mouth opening <3.5cm; 2) 
signs of craniomandibular disfunction with pain or restricted jaw movement; 3) periodontitis 
(DPSI-score ≥3).
Between September 2013 and June 2015 all participants in the Radboud Tooth Wear 
project were approached for this sub-study, and included after informed consent.
Measuring methods
Tooth Wear Index
The Tooth Wear Index of Smith & Knight was used [12]. Scores between 0 (no loss of 
enamel surface characteristics) and 4 (complete enamel loss, pulp exposure or secondary 
dentin exposure). For this study the mean TWI score of post canine elements (i.e. premolars 
and molars) per participant was used. 10% of the data was scored twice in order to obtain 
an intra-observer reliability.
Dental state
The dental state of each participant was quantified by expressing the number of occluding 
posterior teeth in occlusal units. An occluding molar pair was counted as two occlusal units, 
whereas a bicuspid was counted as one occlusal unit.
Bite force measurements
A bite force transducer was used to measure maximum voluntary bite force [13]. In order 
to protect teeth, both sides of the transducer tips were covered with 6,5 mm thick rubber 
plates and the whole device was covered with a clean plastic protective shield when used 
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in the mouth. The vertical height of the bite fork was 18mm. This device was calibrated 
with loads from 0 - 1050 N by means of compression test machine at our department. 
Maximum bite force was measured for two different regions: between the first molars on 
the right and between the first molars on the left side [2]. Participants were encouraged to 
bite as hard as possible on the transducer for a few seconds. The measurements on each side 
were performed three times in a row. The mean maximum bite force of all six measurements 
combined was used for statistical analysis. 
Masticatory performance
The masticatory performance of all participants was determined by a masticatory efficiency 
test consisting of comminution of artificial test food. The test food was made of a polysiloxane 
impression material; Optosil Comfort Putty (Bayer Dental, Leverkusen, Germany) and the 
participants chewed on a portion of 17 cubes with an edge size of 5.6 mm (3 cm3)[14]. The 
number of chewing cycles was fixed and the examiner counted out loud the number of chewing 
cycles, 20 in total. Chewed particles were collected in a labeled coffee filter, which were made 
anonymous by allocation of a number. All participants rinsed their mouth with approximately 
100 ml water to collect remaining particles. The air-dried samples were disinfected with 96% 
alcohol on the same filter. For further analysis, the particles were detached from the filter paper 
with a powder brush and were dried in an oven for 1 hour at 80°C. The sample was then separated 
using a series of 12 sieves, with mesh sizes 5.6mm, 5.0mm, 4.5mm, 4mm, 3.15mm, 2.8mm, 
2mm, 1.6 mm, 1.4 mm, 1 mm, 0.71 mm, 0.5 mm and a bottom plate stacked on a mechanical 
shaker and vibrated for 5 minutes. Once the particles were separated, the content of each sieve 
was weighed to the nearest 0.001 g. Every participant performed the test three times, with an 
interval of 5 min between the tests. Based on each test outcome, the median particle size (X50) 
was calculated. The average X50 of three tests per participant was used for statistical analysis. 
The median particle size (X50) is the size of a theoretical sieve through which 50% of 
the weight can pass [15]. The masticatory efficiency is defined as the median particle size 
related to a fixed number of chewing cycles [16]. A small median particle size after a fixed 
number of chewing cycles indicates that the food has been well fragmented, and therefore, 
the masticatory efficiency is considered high [17].
Statistical analysis
Reliability for the TWI-scores was calculated using a weighted Cohen’s kappa. Paired 
Student’s t-tests were used to calculate reproducibility of X50. Reliability coefficient was 
calculated as Pearson´s Correlation coefficient between the three rounds, the duplicate 
measurement error (DME) was calculated as the standard deviation of the differences 
between round 1, 2 and 3, divided by √3. To analyze a possible non-random difference 
54
Chapter 4 | Impact of tooth wear on masticatory performance
between repeated measurements, the mean difference (95% CI, p-value) was calculated. 
The results of the three rounds were pooled for further analysis.
For measuring the relation of the independent variables, TWI post canine, age, gender, bite 
force and occlusal units upon the dependent variable X50 a multiple regression model was 
used. In order to make the intercept of the regression analysis interpretable, all numerical 
variables in the regression model are centered. All statistical analyses were performed with 
the Statistical Package for Social Sciences (SPSS 22) and at a significance level of 0.05.
Results
In total 52 participants (40 men, 12 women, mean age: 40 ± 8.2y) were included in this 
study. The mean post canine TWI-score was 2.2 ± 0.6, this score was calculated by one of the 
authors (BS) with a weighted Cohen’s kappa score of 0.603. The average number of occlusal 
units per participant was 11.9 ± 1.4 and the mean bite force 369 ± 172N, see Table 1.
X50 Effect 95% CI p-value
Intercept 4.067 [3.711...4.423] <0.001
TWI post canine 0.009 [-0.564...0.583] 0.947
Age (y) 0.032 [-0.010...0.074] 0.127
Gender 0.570 [-0.235...1.373] 0.161
Bite force (100N) -0.125 [-0.296...0.046] 0.149
Occlusal units -0.104 [-0.321...0.112] 0.337
Table 2; Multivariate regression analysis with X50 as the dependent variable (obtained with 20 chewing 
cycles). The numerical variables are centered around the rounded mean of each variable. The gender 
associated with the intercept is male. R2 is 0.133.
Min Max Mean Sd.
Age (y) 24.2 67.8 40.1 8.2
TWI post canine 1.0 3.3 2.2 0.6
X50 score 2.3 7.4 4.2 1.1
Bite force (N) 82.8 1026 369 172
Occlusal units 9 16 11.9 1.4
Table 1; Descriptives of the study group, N = 52. Age is in years, bite force in Newton.
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Fig 1; Scatterplot of X50 as a function of post canine TWI. Tooth wear was present in all degrees from mild 
to severe.
The masticatory performance, defined as the median particle size (X50) after 20 chewing 
strokes, for the whole group was 4.2 ± 1.1. Comparing the resulting X50 scores within 
patients, a small but statistical significant decrease between successive X50 scores was 
found. Comparing the first and third value, this decrease was on average 0.26. The DME 
(random variation) was 0.34. Since the mean X50 was used in analyses, this implies a 
DME of 0.34/√3 = 0.20 in the mean X50 score. The reliability of the mean X50 score, as 
calculated by the Pearson correlation coefficient, was 0.966.
In Fig. 1 a scatterplot is shown of X50 as a function of post canine TWI, showing little or no 
relation. The multiple regression analysis confirmed that there was no significant influence 
detectable of the post canine TWI-score on the masticatory performance (p=0.947). The 
results also showed that age, gender, bite force and number of occlusal units could also not 
be observed to have a significant effect on X50 (p>0.13) in this sample. For centering of the 
numerical variables in the regression model, rounded mean of each variable was used: age 
was centered around 40, bite force (x100N) around 4, post canine mean TWI around 2 and 
number of occlusal units around 12. This implies that the intercept of the regression model 
gives an estimate of the X50 score for a 40-year-old patient, with a bite force of 400N, a 
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mean post canine TWI of 2 with 12 occlusal units. As gender is coded male=0 and female=1, 
the gender associated with the intercept was male. 
Discussion 
The aim of this study was to evaluate in fully dentate subjects whether tooth wear is of influence 
upon the masticatory efficiency, measured using comminution of artificial test food. To our 
knowledge this is the first study to address this subject. In our study, no significant relation was 
found between the degree of tooth wear of posterior teeth and the median particle size (X50).
The decision to use the mean post canine TWI-score for analysis was made for the reason that 
the premolars and molars are used for the breakdown of food, in particular the artificial test 
food. While tooth wear in the front area could influence biting off food, it is not likely to have a 
significant impact upon communition after food pieces reach the (pre)molar area.
The study group is a specific group of participants because all the participants were referred 
to the Department of Dentistry of the Radboud university medical center by their general 
practitioner due to the presence of tooth wear in all degrees from mild to severe (Fig. 1). Looking 
at the descriptives of this study it is clear that the number of participants was not equally divided 
concerning gender (nearly 4:1 male to female ratio). The reason so many more men than women 
are referred for severe tooth wear problems cannot yet be explained. Wetselaar et al. suggested 
that differences in diet may be a reason, due to the evidence that men consume more acidic 
drinks than women, leading to possible more (erosive) tooth wear [18].
The lack of a statistically significant relation between tooth wear severity and masticatory 
performance, implies the need for a thorough look at the precision of this study. The precision 
is best summarized in the 95% CI for the effect that a change in post canine TWI is estimated 
to have on the X50 score. The interval, as shown in Table 1, has -0.598 and +0.559 as lower and 
upper border. If the effect of an increase of the post canine TWI by 1 on the X50 score would 
exceed 0.58 (half the interval width), this would have been statistically significant. We consider 
that as a relatively modest response to a sizeable change in TWI score. The clinical relevance of 
such an effect is judged to be small. Therefore, we would not support the idea that the absence 
of a statistical significant relation between post canine TWI and X50 is due to lack of power of 
this study.
 A wide variety of methods have been used to identify the masticatory performance but in the 
majority of the studies on masticatory performance, the degree of breakdown of (artificial) 
food had been determined by sieving comminuted food [16, 19-23]. A perspective to look at 
the chewing performance other than the comminution test is mixing ability with for instance 
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coloured chewing gum. In a study using that approach, the conclusion was that the chewing 
gum method was less suitable than the comminution test for subjects with a good masticatory 
performance, as the task of mixing of the two colors is too easy [19]. Furthermore, another 
study came to the conclusion, that the mixing ability test was more suitable for persons with 
significantly compromised masticatory performance [24]. There is a correlation between the 
comminution test and the mixing ability test, if the test results of the comminution test are 
positive, the results are also positive for the mixing ability test [25]. Therefore, it is unlikely that 
the mixing ability test would have been more suited to clarify the relation between post canine 
TWI and the X50 score in this patient group. 
Self-assessed masticatory function using questionnaires or interviews has also been described. 
It was decided in this study to focus upon objective masticatory testing and not to include a 
questionnaire because it has been stated that maintaining 20 or more natural teeth and at least 
eight functional occlusal units reduces the likelihood of self-assessed chewing difficulties [26, 
27]. Another reason not the include the questionnaire was that self-assessed chewing ability 
and the results of functional tests (masticatory performance) correlated only weakly or not at 
all [28]. 
Apart from the main variable tooth wear, other variables, functional occlusal units, bite force, 
age and gender were included to eliminate them as confounders. Although none of these 
variables were of statistically significant influence on the masticatory performance in our study 
sample, this does not mean they are not needed for an unbiased evaluation of the main variable. 
Apart from gender, occlusal functional units may be one of the more important variables. Van 
der Bilt et al. showed that the presence 4.8 ± 3.2 occlusal units instead of 12 occlusal units had 
a negative significant influence on masticatory performance [16]. In our study this effect was 
minimised as having an almost full dentition was part of the inclusion criteria, and no patient had 
fewer than 9 occlusal units. 
The effect of bite force on masticatory performance in this study was harder to predict due 
to contradictory results in literature. A previous study also reported no relationship between 
maximum bite force and masticatory efficiency as determined by using Ecaps [29]. The 
conclusion of Lepley et al. that masticatory performance is most closely related to occlusal 
factors supports this finding [30]. They reported that masticatory performance was most 
closely and positively correlated with occlusal contact area. They also reported maximum bite 
force to be positively related with masticatory performance, which was not confirmed in our 
study. In our study, occlusal contact area was not quantified and it would be interesting in future 
studies to investigate the impact of occlusal contact area upon masticatory function in patients 
with different degrees of tooth wear, as well as the possible influence of the alteration of occlusal 
contact area after full rehabilitation of the dentition of tooth wear patients. 
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In conclusion, this study did not show an effect of the degree of tooth wear on masticatory 
performance. 
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Abstract
Objective
The restorative treatment of generalized tooth wear involves an increase in vertical 
dimension of occlusion and a comprehensive alteration of occlusal morphology. The aim of 
this study was to assess the impact of a direct adhesive restorative treatment on masticatory 
performance parameters.
Materials and methods
A sample of 23 fully dentate adult generalized tooth wear patients (17 male, 6 female, age 
41.7±8.3 years) undergoing direct composite restorative treatment was selected.  Before 
and one month after restorative treatment with resin bonded composite restorations, 
masticatory performance was evaluated using 1) a comminution test, 2) a maximum 
voluntary bite force recording and 3) the sum score of five items related to eating and 
chewing from the Oral Health Impact Profile (OHIP-49) questionnaire.  Statistical analysis 
was performed using a paired t-test, and analysis per OHIP item was done by a McNemar 
test (p<0.05).
Results
There was no statistically significant difference in median particle size (X50) calculated 
before and after treatment (4.19±0.97 and 4.03±0.76, respectively, p=0.327). Maximum 
voluntary bite force decreased significantly after treatment (baseline 389±90N, one 
month recall 323±173N, p=0.028). The sum score of the five OHIP items significantly 
decreased after treatment (baseline 10.6±4.8, one month recall 6.6±2.5, p=0.001), with 
the item regarding unsatisfactory diet showing the largest significance (p=0.029). 
Conclusions
This study indicates that the restorative treatment of generalized tooth wear using direct 
resin bonded composite has no significant short-term effect on masticatory performance 
as measured with a comminution test, although the self-reported ability to eat and chew, as 
measured by the sum score of all pertaining OHIP items, did significantly improve.
Clinical significance
On individual level, food comminution could be influenced by restorative treatment with 
increase of vertical dimension of occlusion, but at group level no significant effect is 
observed. Nevertheless, tooth wear patients do perceive improved ability to eat and chew 
foods, which is clinically relevant.
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Introduction
Tooth wear is a common dental phenomenon with prevalence and magnitude that increases 
with age [1]. The development of tooth wear is related to mechanical factors (e.g., chewing 
or  grinding), extrinsic chemical factors, (e.g., consumption of acidic foodstuffs) and 
intrinsic chemical factors (e.g.,  vomiting or reflux episodes) [2-5]. The etiology is almost 
always multi-factorial [6].
While tooth wear naturally occurs within stomatognathic physiology, it could sometimes 
progress to become severe or pathological. Recently, the terms ‘severe tooth wear’ and 
‘pathological wear’ were redefined in a European consensus meeting on tooth wear [7]. 
Severe wear is substantial loss of tooth structure, with dentin exposure and significant 
loss (≥ 1/3) of the clinical crown, whereas pathological wear is tooth wear which is atypical 
for a patients age, causing complaints such as pain or discomfort, functional problems 
(e.g. masticatory dysfunction), or deterioration of esthetic appearance, which in case of 
progression may give rise to undesirable complications of increasing complexity. It has been 
stated that tooth wear management strategies should not be governed merely by tooth 
wear severity but rather by risk assessment and analysis of tooth wear pathological aspects 
within a particular patient (e.g. severity of wear in the context of age, progression rate, 
presence of complaints and possible complications due to tooth wear) [7]. 
Patients with pathological or severe tooth wear, either by chemical or mechanical cause, 
may need restorative care to compensate for the loss of tooth tissue, possibly comprising 
full rehabilitation at an increased vertical dimension of occlusion (VDO). Several 
techniques using direct or indirect composite restorations, ceramics or hybrid materials 
have been described to build-up worn teeth and to reconstruct the occlusion [8-13]. Only 
mid-term results for direct composites are available in the literature, and different success 
rates have been reported [3, 8, 14, 15]. The technique was reported to result in a significant 
improvement of the Oral Health Related Quality of Life and orofacial appearance [16]. 
To our knowledge, no studies have assessed the influence of restoration of the worn 
dentition upon masticatory performance. Prior research assessing the influence of increase 
in VDO on masticatory muscle activity and bite force reported an increase of bite force 
with a vertical increase up to a specific range [17, 18], which includes the range of VDO 
increase applied in restorative treatment of severe tooth wear. The increase in VDO 
through tooth wear restoration may therefore lead to an increase in bite force and in turn 
in an increase of masticatory performance, as bite force is considered one of the main 
factors related to masticatory efficiency [19]. Moreover, postcanine occlusal contact area 
has been significantly correlated to masticatory performance [20]. Restorative treatment 
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of the worn dentition also inevitably changes the occlusal morphology and this may lead 
to change in occlusal contact area. This may be either a decrease or an increase, and may 
affect masticatory performance.
The aim of this study was to assess the effect of restorative treatment of generalized tooth 
wear using a direct adhesive minimally invasive approach, on masticatory performance. 
The hypothesis was that masticatory function, both objectively measured and subjectively 
perceived, would improve significantly after restoration.
Materials and methods
This study is a part of a larger clinical trial called Radboud Tooth Wear Project, for which 
ethical approval was obtained (ABR code: NL31371.091.10). This study was carried out in 
accordance with the Declaration of Helsinki for research involving humans.
Patients
Tooth wear patients were referred by general dental practitioners to the Radboud Tooth 
Wear Project at the Department of Dentistry of the Radboud University Medical Center, 
Nijmegen. Patients who had a clear request for restorative intervention due to problems 
such as difficulties with chewing, discomfort or aesthetics were eligible for this study. The 
inclusion took place between September 2013 and June 2015 using the following criteria: 
1) Patient age at least 18 years; 2) Generalized moderate to severe tooth wear (Tooth 
Wear Index (TWI) score ≥ 2) with treatment demand [21]; 3) Full dental arches, except 
for one diastema due to one missing tooth in the posterior allowed. Exclusion criteria were: 
1) Limited mouth opening (<3.5cm); 2) Temporomandibular disorders; 3) Periodontitis 
(Dutch Periodontal Screening Index, DPSI≥3); 4) Deep carious lesions or endodontic 
problems; 5) Systemic or local conditions that would contra-indicate dental procedures. 
Study protocol
At baseline, intraoral 3D-scans of the dentition were made, age, gender, TWI-scores, 
number of occlusal units and maximum voluntary bite force were registered for each patient, 
and masticatory performance was measured using a comminution test with artificial test 
food. Self-reported masticatory function was documented using the Oral Health Impact 
Profile Questionnaire (OHIP-49). Thereafter, full dental arch restorative treatment of the 
worn dentition of each patient was performed. At a recall appointment one month after 
completion of the treatment, intraoral 3D-scans of the restored dentitions were made, 
maximum voluntary bite force, masticatory performance and self-reported masticatory 
function were documented again for each patient. 
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The measurements of the main outcome measures were done by one trained examiner 
(BS) except for the measurements of masticatory performance and bite force that were 
collected by two examiners (BS and BL).
Restorative treatment of tooth wear
After written informed consent, patients were restoratively treated including a full 
rehabilitation of all teeth in an increased VDO using direct composite restorations. 
The following composite materials were used: Clearfil AP-X (Kuraray, Osaka, Japan) and 
IPS Empress Direct (Ivoclar Vivadent, Schaan, Liechtenstein). Clearfil AP-X was used in 
the molar and premolar areas, and at the palatal side of the anterior teeth. IPS Empress 
Direct was applied as veneering material at the buccal surfaces of the upper and lower 
anterior teeth, because of the aesthetic features of this material. For all restorations a 
three step etch-and-rinse adhesive system Clearfil SA Primer and Photobond (Kuraray) 
was used. 
The restorative treatment protocol was to provide all teeth with free-hand composite 
build-up restorations using the DSO-technique (‘Direct Shaping by Occlusion’) [2, 12]. A 
detailed description of the protocol has been published previously by Opdam et al. [12]. In 
this protocol, first the new vertical dimension of occlusion (VDO) was determined, based 
on the anticipated reconstruction of the anatomical form of the teeth, carefully considering 
the necessary interocclusal space posteriorly and anteriorly. To be able to convert the 
desired VDO to the intra-oral situation, two polyvinyl silicone bite stops (Star VPS, 
Danville Materials, USA) were made at both sides in the premolar area on mounted casts 
in increased VDO. Reconstructions were generally made in centric relation (CR), but in 
case of end-to-end anterior relation maximal occlusion (MO) was preferable. The scheme 
for restoring teeth in increased VDO started with the lower anterior teeth followed by the 
upper anterior teeth, using the bite stops as occlusal supports in the premolar region. The 
next step in the restoration scheme was to restore the first premolars in the upper jaw. A 
proper occlusal anatomical form was created without the use of a mould or matrix. Finally, 
the remaining posterior teeth were built up accordingly using the DSO-technique. At the 
end of the restorative treatment, a fully supported occlusal contact, including canine-
guidance was obtained.
The treatment required between three and five sessions (lasting 3 hours each) with an 
interval of one or two weeks in between sessions. 
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The restorative treatments were performed by six dentists, where each dentist treated 
at least two patients. These dentists were all trained in performing the same tooth wear 
treatment protocol as described above. Also throughout the course of the study, meetings 
were organized in order to keep focus upon the same protocol across all operators.
Measurement methods
TWI-score
The Tooth Wear Index (TWI) [21] was used in order to quantify tooth wear severity. TWI 
scores can vary between 0 (no loss of enamel surface characteristics) and 4 (complete enamel 
loss, pulp exposure, or secondary dentin exposure). The mean TWI score of all postcanine 
teeth per patient was calculated. In a previous study involving TWI measurements in a larger 
sample of our tooth wear patients, the intraobserver reliability of TWI was assessed with a 
weighted Cohen’s kappa of 0.6 [22]. 
Occlusal units
The number of occluding posterior teeth was registered during intra-oral clinical inspection 
in order to determine the number of occlusal units per patient. An occluding molar pair was 
counted as two occlusal units, whereas an occluding bicuspid was counted as one occlusal 
unit.
VDO increase
In order to determine the increase in VDO after treatment, the intraoral 3D scans made 
before and after treatment, were analyzed using Meshlab (http://meshlab.sourceforge.
net/). The increase of VDO was measured at the location of the first molars by analyzing the 
intra-oral 3D-scans of the dentition in maximum occlusion of before and after treatment. 
On both scans, the distance between the lowest point on the buccal sulcus of the upper and 
lower first molars was measured. The difference between the distances measured before 
and after treatment was regarded as the applied increase in VDO. 
Maximum voluntary bite force measurement
Maximum voluntary bite force was measured using a bite force transducer [23]. Both sides 
of the transducer tips were covered with a 6.5 mm thick rubber layer in order to protect 
teeth. The measuring bite fork was 18 mm thick, and it was covered with a disposable 
plastic protective shield when used in the mouth. The bite force measuring device was 
calibrated with loads varying from 0 to 1050N by means of compression test machine at 
our department. 
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Bite force was measured at two locations: between the first molars on the right and between 
the first molars on the left side [22]. Patients were encouraged to bite on the transducer as 
hard as possible for a few seconds. The measurements on each side were performed three 
times in a row. The mean bite force of all six measurements was used for statistical analysis. 
Masticatory performance
The masticatory performance of all patients was determined by a masticatory performance 
test consisting of comminution of artificial test food, accordingly to the protocol of 
Sterenborg et al. [22]. The test food was made of a dental impression material, Optosil 
Comfort (Bayer Dental, Leverkusen, Germany) and the participants chewed on a portion 
of 17 cubes with an edge size of 5.6 mm (3 cm3). The number of chewing cycles was fixed 
and the examiner counted out loud the number of chewing cycles, 20 in total. Chewed 
particles were collected in a labeled coffee filter, which were made anonymous by allocation 
of a number. All patients rinsed their mouth with approximately 100 ml water to collect 
remaining particles. The air-dried samples were disinfected with absolute alcohol on the 
same filter. For further analysis, the particles were detached from the filter paper with a 
powder brush and were dried in an oven for 1 hour at 80°C. The sample was then separated 
using a series of 12 sieves, with mesh sizes 5.6mm, 5.0mm, 4.5mm, 4mm, 3.15mm, 2.8mm, 
2mm, 1.6 mm, 1.4 mm, 1 mm, 0.71 mm, 0.5 mm and a bottom plate stacked on a mechanical 
shaker and vibrated for 5 minutes. Once the particles were separated, the content of each 
sieve was weighed to the nearest 0.001 g. Every patient performed the test three times, 
with an interval of 5 min between the tests. Based on each test outcome, the median 
particle size (X50) was calculated. The average X50 of three tests per patient was used for 
statistical analysis. 
The median particle size (X50) is the size of a theoretical sieve through which 50% of the 
weight can pass [24]. The masticatory performance is defined as the median particle size 
related to a fixed number of chewing cycles [25]. A small median particle size after a fixed 
number of chewing cycles indicates that the food has been well fragmented, and therefore, 
the masticatory performance is considered high [26].
In a previous study, we determined the reliability of X50 in a larger sample of tooth wear 
patients. The reliability of the mean X50 score, as calculated by the Pearson correlation 
coefficient, was high (0.966) [22]. 
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Self-reported masticatory function 
In order to evaluate self-reported masticatory function, five items of the Dutch OHIP-49 
questionnaire were used [27]. These items measure respectively the perceived difficulties 
in chewing, discomfort to eat specific food items, avoidance of specific food items, 
unsatisfactory diet and meal interruptions (Table 1). Patients scored each item on a five-
point Likert scale (0-never, 1-hardly ever, 2-occasionally, 3-fairly often, 4-very often).
OHIP items related to eating and chewing
1.   Have you had difficulty chewing any foods because of problems with your teeth, mouth or dentures?
15.  Have you found it uncomfortable to eat any foods because of problems with your teeth, mouth or dentures?
28. Have you had to avoid eating some foods because of problems with your teeth, mouth or dentures?
29. Has your diet been unsatisfactory because of problems with your teeth, mouth or dentures?
32. Have you had to interrupt meals because of problems with your teeth, mouth or dentures?
Table 1; OHIP items related to eating and chewing that were assessed in the study, including their item 
numbers out of the original OHIP-49 questionnaire.
Statistical analysis
The median particle size (X50), bite force and OHIP scores were calculated at baseline 
and one month after completion of restorative treatment. Possible differences in median 
particle (X50) and bite force before and one month after treatment were tested using a 
paired t-test. Possible difference in sum score of all five OHIP items related to eating foods 
and mastication was also tested using a paired t-test. Possible differences in OHIP scores 
per each of the five separate OHIP items were tested with McNemar test considering the 
ordinal type of scores per item. For this purpose and to avoid underpowered estimates, 
scores 2, 3 and 4 (occasionally, fairly often and very often) were merged into one and the 
same ordinal score 2, because scores 3 and 4 were not reported by patients after treatment.
For statistical analyses, software SPSS v. 22.0 and a significance threshold of 0.05 
were applied.
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Results
The total number of patients that consented for participation and completed the study was 
23 (17 male and 6 female; age 41.7 ± 8.3 years) with a mean postcanine TWI-score of 2.2 
± 0.5. The average number of occlusal units per patient was 11.6 ± 0.9 (Table 2). The VDO 
increase after treatment was  2.0 ± 0.99mm. 
At the recall one month after treatment the median particle size X50 did not change 
significantly compared to baseline (p=0.327) (Figure 1, Table 3). Bite force decreased 
significantly from 388.52 N to 323.16 N after treatment (p=0.028) (Figure 2, Table 3). 
The sum score of the five OHIP-items related to eating and chewing decreased significantly 
(p<0.001) (Table 3) with average 4 points (i.e., 0.8 points on the Likert scale per item). The 
McNemar analysis per OHIP item showed improvement for all five outcomes. For the item 
related to unsatisfactory diet this effect was statistically significant (p=0.029), the other 
p-values ranged between 0.053 and 0.072.
  Min Max Mean Std. Deviation
Age (y) 30.4 59.4 41.7 8.42
TWI average postcanine 1.3 3.3 2.2 0.51
Occlusal units 9.0 12.0 11.6 0.90
Table 2; Descriptive statistics at baseline (n=23).
Outcome variable
Baseline
Mean ± SD
Recall 1 month
Mean ± SD p-value
Mean difference 
[95% CI]
X50 4.19 ± 0.97 4.03 ± 0.76 0.327 -0.16 [-0.48...0.17]
Bite force [N] 389 ± 90 323± 173 0.028* -58 [-108...-7]
OHIP sum score 10.6± 4.8 6.6 ± 2.5 0.001* -4 [-6.1...-1.9]
Table 3; Mean values for the masticatory efficiency (X50), bite force (Newton) and self-reported 
masticatory function using the sum score of the five specific OHIP items at baseline and at recall one 
month after treatment, and result of statistical testing of the differences. 
*p-values <0.05 are significant
70
Chapter 5 | Impact of restorative treatment of tooth wear upon masticatory performance
Figures 
 
Figure 1. Scatter plot presenting individual X50 value at the one month recall plotted against  X50 
values at baseline. For reference an Y=X line is shown. 
 
 
 
Figure 2. Scatter plot presenting individual maximum voluntary bite force (MVFB) at the one month 
recall plotted against baseline MVFB values. For reference an Y=X line is shown. 
Figure 1; Scatter plot presenting individual X50 value at the one month recall plotted against X50 values at 
baseline. For referenc  an Y=X line is shown.
Figure 2; Scatter plot presenting individual maximum voluntary bite force (MVFB) at the one month recall 
plotted against baseline MVFB values. For reference an Y=X line is shown.
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Figure 2. Scatter plot presenting individual maximum voluntary bite force (MVFB) at the one month 
recall plotted ag in t baseline MVFB values. For reference an Y=X line is shown. 
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Discussion
The aim of this study was to assess the effect upon masticatory performance of restorative 
treatment of generalized tooth wear using an adhesive direct minimally invasive approach. 
To that end a comminution test was used, as well as self-report items of the OHIP 
questionnaire, and additionally, the applied increase of VDO and maximum voluntary bite 
force was documented. The hypothesis that restorative treatment of tooth wear would 
improve masticatory performance was partially rejected; the comminution test showed no 
difference after treatment, although perceived masticatory function, as measured by the 
sum score of all pertaining OHIP items,  did significantly improve.
No significant difference in the degree of breakdown of food was observed one month after 
completion of restorative treatment compared to baseline. Obviously that could be due to 
a lack of power. The 95% confidence interval for the change in X50 is [-0.48…0.17] (Table 
3). This implies that it is for 95% certain that the change of X50 is in this interval. That 
excludes a large effect on X50, but leaves room for a modest change in X50. 
Our finding of a decrease in bite force after an increase in VDO in the range performed 
in our study is in not line with previous experimental findings [17, 18]. The present result 
could be related to awareness of patients regarding the recent build-up restorations in their 
dentition and consequently a protective behavior, including exerting a lesser maximum 
voluntary bite force. The decrease in maximum bite force was not accompanied by a 
decrease in masticatory performance, as might be expected from previous observation 
[19]. It may be speculated that several, opposing, factors were acting upon the masticatory 
performance. For instance, an increase in occlusal contact area [20] could have occurred 
after restorative treatment compared to baseline. Especially in patients with attrition due 
to mechanical factors such as bruxism, it is plausible that the worn occluding tooth surfaces 
are transformed to larger areas of occluding surfaces created through well-fitting cusps and 
fossae, and this may have had a positive effect on masticatory performance, balancing out 
the negative effect of the bite force reduction. In our study, we did not measure occlusal 
contact area, nor did we control for variation in other influencing factors, but measured the 
overall effect of restorative treatment of the worn dentition upon the comminution of food. 
Although the objective comminution test failed to show significant differences from pre- to 
post treatment, the self-reported ability to eat and chew improved significantly according 
to the OHIP questionnaire. Overall, after treatment, average scores of 0.2 – 0.8 were 
registered on each of the analyzed OHIP items, indicating that after restoration of the 
worn dentition patients experienced masticatory problems hardly ever to never (resp. 
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Likert scores 0 and 1). The difference in outcomes regarding self-assessed improvement 
in mastication and unchanged objective masticatory performance is in line with previous 
findings of little to no correlation between the changes in objective and subjective 
masticatory function [28].
This study indicates that restorative approach toward tooth wear does not affect comminution 
of food, but it does improve mastication perceived by patients, which is statistically significant 
and clinically relevant. Patients perceived eating and chewing as improved, possibly due to 
satisfaction with treatment, esthetical dental and facial appearance and improvement in 
oral health-related quality of life that we previously observed after restorative treatment of 
tooth wear [16, 29]. This perceived improvement could also have been related to a decrease 
in sensitivity or pain of the worn teeth after restorative treatment. 
To our knowledge, there are no previously published studies that explore the effect of 
restoration of the worn dentition upon masticatory performance in tooth wear patients. An 
experimental increase of VDO up to 6mm, a distance which includes the range of VDO 
increase performed in our study, reported no significant change in masticatory efficiency 
[30]. Although that study used an anatomically shaped removable splint in healthy 
subjects, in comparison to our study using adhesive restorations in patients, the findings are 
similar. Furthermore, in another recent study we found that the degree of tooth wear is not 
associated with the ability to comminute food in a group of tooth wear patients [22]. This 
suggests that  neither tooth wear nor its restorative treatment have significant influence on 
the ability to break down food.
In this study, a comminution Optosil test was used in order to document masticatory 
performance. This type of testing is widely used in studies on mastication with dentate 
subjects [19]. Another approach to examine objectively masticatory efficiency would be 
to use a food mixing ability test. Theoretically, the restoration of occlusal morphology with 
cusps, fossae and incisal edges out of the generally flatter surfaces of non-restored worn 
teeth, would help to increase food bolus mixing. However, it was found that in persons with 
good masticatory function, such as healthy young fully dentate subjects, the discriminative 
capacity of a mixing ability test was inferior to that of a comminution test [31]. As the 
sample of participants in our study consisted of fully dentate young to middle-aged tooth 
wear patients in relatively good health, choosing comminution testing seems appropriate.
In our study, multiple dentists were involved into restoring the dentitions of tooth wear 
patients. This could have introduced some variation into the morphology of the created 
restorations as composite build-ups were done direct and free-hand. However, such variation 
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is inevitable in dental practice, also within a single operating dentist, and likely much smaller 
than variation due to differences in individual dental morphology and occlusion between 
patients. In order to minimize variation due to multiple operators, dentists were repeatedly 
trained in performing the standardized treatment protocol. In our study, also two examiners 
(BS and BL) were involved in recording masticatory performance and maximal voluntary 
bite force. Upon performance of these measurements according to the same standardized 
protocol, as described in Materials and Methods, examiner bias is not likely to have occurred 
as outcomes are dependant mainly upon the patients performance.
All post-treatment measurements in our study were done at the one-month recall after 
completion of restoration of the worn dentition. This gave the opportunity for patients 
to initially explore and adapt to their new restorations in their natural environment. The 
masticatory performance test showed stable average X50 scores within tooth wear patients 
before and after restorative treatment. These scores are intermediate between X50 
values found in previous studies in healthy fully dentate subjects and edentulous persons 
(average 4.1 in our sample versus respectively 3.4 and 4.8 in previous research) [31]. It 
is not clear whether masticatory performance changes in the long term, as patients may 
adapt further towards functioning into their new occlusion. Further research by performing 
measurements in the longer term (e.g., 6 or 12 months) is encouraged.
In conclusion, this study indicates that the restorative treatment of generalized tooth wear 
using direct resin bonded composite has no short-term significant effect on the masticatory 
performance measured with a comminution test, although self-reported ability to eat and 
chew, as measured by the sum score of all pertaining OHIP items,  improved significantly.
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Abstract
Objective
The aim of this study was to evaluate changes in speech characteristics and self-perceived 
quality of speech in tooth wear patients, after occlusal rehabilitation.
Materials and Methods
Patients with tooth wear were included in this study after informed consent. The amount 
of tooth wear was scored with Tooth Wear Evaluation System (TWES). To assess the 
perspective of the patient the Dutch Speech Handicap Index was used (SHI). Acoustic 
analysis was performed to evaluate changes with the use of voice recordings. These were 
made before treatment, T0; directly after treatment, T1; one month after treatment, T2. 
With the use of PRAAT software the spectral characteristic Centre of Gravity (COG) was 
evaluated for the sounds /s/, /f/, /v/, /d/, /t/, /m/. 
Results
Recordings of 17 patients (14men, 3 women, mean age 41.2± 10.4y) were included. SHI 
scores did not change significantly between T0 and T2 (p=0.054). A multiple regression 
model showed that for all sounds the intercept was negative, but statistically significant 
only for /s/ and /f/ between T0 and T1. The effect of the initial change (between T0 and T1) 
on the change between T1 and T2 was clearly negative for all sounds (p<0.001), showing a 
rebound effect ranging between 29% and 68% of the initial change. 
Conclusions
Tooth wear patients perceive improvement in speech function after treatment.
Clinical significance
Clinicians may explain to patients that speech is likely to alter for a short period due to 
treatment but that there will be a good adaption to the new situation. 
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Introduction
Tooth wear and its management present new challenges in dentistry [1]. Tooth wear is 
increasingly common, especially among children and adolescents [2, 3]. The loss of occlusal 
tooth substance in tooth wear may result in a reduced vertical dimension of occlusion 
(VDO) and altered shape of teeth. Patients may need complex restorative treatment such 
as a full rehabilitation at an increased VDO [4-7]. Changes in tooth shape, both due to wear 
and its restorative treatment, may have an effect on speech.
Speech is the ability to communicate through articulated sounds. The production of speech 
is divided into five levels: 1. Respiration, the air flow that is generated by the lungs; 2. 
Phonation, the production of sounds by the vocal cords; 3. Resonance, vibrations created 
by the pharynx, the oral and the nasal cavity; 4. Articulation, the formation of sounds by 
movements of the articulators; and 5. Prosody, suprasegmental characteristics like rhythm, 
intonation and pitch [8]. Tooth abnormalities or missing teeth are most likely to have an 
effect on articulation. Along with the tongue, the teeth are, for example, involved in the 
production of /f/ and /v/ and help to produce the frication in sounds like /s/ and /z/ as the 
breath stream passes over the lower edges of the incisor teeth [9]. Speech sounds which are 
thought to be most frequently misarticulated after an increase in VDO include /s/ and /sh/, 
sounds which are produced when exhaled air enters the mouth and is guided by the tongue 
[10]. Although previous studies have investigated the effect of tooth wear on oral functions 
[11-13], there is to our knowledge little to no research about the effect on speech of a full 
rehabilitation of the worn dentition with an increase in VDO. 
To evaluate speech sounds the parameter centre of gravity (COG) may be used. This 
objective parameter quantifies a spectral detail that corresponds to the frequency of the 
speech sound [14]. A subjective evaluation of speech characteristics as experienced by 
patients with tooth wear is possible with the use of a questionnaire, in this case the Dutch 
Speech Handicap Index (SHI) [15].
The aim of the study was to evaluate changes in speech characteristics and self-perceived 
quality of speech in tooth wear patients, after a full rehabilitation with an increase in VDO. 
A second aim was to evaluate the possible adaptation in speech characteristics and self-
perceived quality of speech at follow-up.
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Materials and Methods
Patients
Patients with tooth wear referred by general dental practitioners to the Department of 
Dentistry of the Radboud university medical center (Nijmegen, The Netherlands) were 
eligible for inclusion. The inclusion took place in the period January 2015 till January 2018. 
Ethical approval was granted before study commencement (NL2014-1252). All patients 
who were asked to participate agreed and signed an informed consent before entering the 
study. 
Inclusion/exclusion criteria
The following inclusion criteria were applied: 1) age≥18 years; 2) generalized tooth wear with 
need for a full rehabilitation; 3) full dental arches, with a maximum of one missing tooth in 
the posterior area; 4) absence of general health problems (ASA-score ≤3); 5) Dutch native 
speaker.
The following exclusion criteria were used: 1) mouth opening <3.5cm; 2) temporomandibular 
disorders; 3) periodontitis (pockets >4mm); 4) acute dental caries or endodontic problems.
Tooth Wear Evaluation System 
The Tooth Wear Evaluation System (TWES) is a modular clinical guideline, which aims 
at optimising the diagnostic process (both qualifying and quantifying) and improving 
the selection of proper management strategies regarding tooth wear for the permanent 
dentition [16]. TWES was evaluated on intraoral 3D scans of the patients’ dentitions. For 
occlusal and incisal grading an eight-point ordinal scale was used. A three-point ordinal 
scale for non-occlusal/non-incisal grading was used.
VDO increase and lengthening of upper incisors
To determine the applied VDO and the difference in length of the upper incisors after 
treatment, intraoral 3D scans, made before and after treatment, were used. Meshlab 
(http://meshlab.sourceforge.net/) was used to evaluate VDO increase (the difference in 
height measured at the first molars) and incisal lengthening of the upper central incisors 
due to the full rehabilitation. 
Full rehabilitation of tooth wear
Based on initial examination, an individual treatment plan was made for each patient [4]. 
The required VDO increase was estimated taking into account the amount of tooth wear at 
the first molars and the need or possibility to lengthen the anterior teeth. 
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The optimal length of the anterior teeth was determined with an intraoral mock-up in the 
upper jaw from cuspid to cuspid with direct composite restorations. Based on the digital 
scan and intra-oral mock-up a digital wax-up was made by a dental technician and indirect 
composite restorations (LAVA Ultimate, 3M™) were milled from a pre-polymerized block 
[4]. Restorations were placed in multiple sessions and a final appointment was made to 
make direct composite veneers (Filtek Supreme XTE, 3M™) on the upper and lower 
anterior teeth. 
Self-evaluation of speech
To assess the patients’ perspective regarding his/her speech the Dutch Speech Handicap 
Index (SHI) [15] was used on three occasions: before treatment (T0), immediately after 
treatment (T1) and 1 month after treatment (T2). SHI is a self-evaluation questionnaire 
originally designed and validated to measure the physical, functional and emotional impact 
on speech due to dysarthria. Since there is no questionnaire available to evaluate speech 
in relation to tooth wear, SHI was considered the best available option. This questionnaire 
consisted of two parts. Part 1 contains 15 items, split into three subscales of 5 items each: 
physical, functional and emotional functions. Each item is scored on a five-point scale 
(never (0), almost never (1), sometimes (2), almost always (3), always (4)). The maximum 
score per subscale was 20, the total overall score 60. Finally, all answers were summed 
to obtain an overall score. The second part consists of 3 general questions on which the 
patient could choose a numeric rating score (NRS) between 0 to 10, meaning 0 no impact, 
10 meaning maximal impact. These questions are a summary of the previous questions, but 
the scoring scale is different. The scores of part 2 are not used in the total score but give an 
extra impression of the experience of the patient. In the analysis in this study, only part 1 
was used for clear interpretation; part 2 was excluded from analysis.
Speech recordings 
Recordings of the patients’ speech on the same three occasions: before treatment (T0), 
immediately after treatment (T1) and 1 month after treatment (T2). The recorded material 
consisted of the Dutch text ‘De Koning’ [17]. All speech samples were taken with the same 
Tascam DR-05 recording machine, under standard conditions in a sound isolated room 
at the audiological center of the Radboud university medical center. The recording at T1 
took place immediately after the final treatment session, in which no anaesthesia (possibly 
interfering with speech) was required. The final session took place approximately 1 month 
after treatment (T2). After every speech recording the patients filled out the SHI.
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Acoustic analysis
The speech sounds evaluated were the /s/, /f/, /v/, /d/, /t/, /m/. The sounds located at the 
beginning of words were analysed because this position makes it easier and more reliable to 
isolate them for acoustic analysis. In the text ‘De Koning’, the /s/, /v/, /d/, /t/, /m/ occur 5 
times at the beginning of a word, the /f/ 4 times. Using PRAAT software (version 6.0.43) 
[14] digital samples of the sounds were made. The signals were sampled at 44.1 kHz. The 
cursor was placed manually at the start and end of each sound using a Hamming window. A 
PRAAT script was developed to derive the spectral characteristic Centre of Gravity (COG). 
The use of a filter or a pre-emphasis was not deemed necessary because all recordings took 
place in a sound isolated room. 
Statistical analysis
Paired Student’s t-test was used to calculate intra-observer reproducibility of the acoustic 
analysis. Reliability coefficient was calculated as Pearson´s correlation coefficient through 
analyzing 10% of the recordings twice. The duplicate measurement error was calculated as 
the standard deviation of the differences between round 1 and 2, divided by √2. To analyze 
a possible non-random difference between repeated measurements, the mean difference 
(95% CI, p <0.05) was calculated. 
SHI scores were analyzed with paired t-tests to analyze the overall effect of the treatment 
and one month of adaptation (i.e., comparison between outcomes at T0-T2). To evaluate each 
question separately a Wilcoxon signed rank test was used. For all six sounds the change of 
COG in the period directly after treatment was analyzed using a multiple regression model. 
As we have multiple observations (4 or 5) within one sound for each patient, a multilevel 
model was used with a random intercept to allow for the presence of data clustered in 
patients. To this model the increase in length of the 2 middle incisors of the upper jaw was 
added as independent variable. For ease of interpretation this value was centered around 
its mean (2.6mm). Also, for all six sounds the effect of adaptation on COG (T2-T1) was 
analyzed using a multiple regression model, taken into account the amount of change in 
COG for the period T1-T0 as independent variable. All statistical analyses were performed 
with the Statistical package for Social Sciences (SPSS v.24) or R (v.3.4.3).
Results
In total 24 patients were included in the study. Four patients were not able to go the 
audiological center due to mobility problems (e.g., wheelchair user), and for three patients 
recordings could not be used due to poor quality of at least one of the recordings. Therefore, 
the recordings of 17 patients were included; 14 men and 3 women with a mean age of 41.2 
± 10.4y. TWES scores are shown in table 1. For the Occlusal/Incisal wear the highest score 
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was 3a in 5 patients, 3b for 11 patients and 4 for 1 patient. The mean VDO increase was 2.7 
± 0.73mm. The mean lengthening of the central incisors of the upper jaw was 2.6 ± 1.2mm. 
The time interval between treatment and 1-month evaluation (T1 to T2) was on average 42 
± 17 days.
The results of the intra-observer reproducibility analysis for the acoustic analysis are shown 
in table 2. The p-values of the reliability scores are all >0.98, indicating no statistically 
significant differences. Only the sound /m/ showed a significant p-value of 0.04. 
In table 3, results of the paired t-test analysis of the SHI scores were given for T0-T2. The 
overall score between T0 and T2 did not change significantly, p=0.054, but had a trend 
for positive improvement, as the overall score was lower at T2. One subscale, functional, 
showed a significant change, p=0.001. The other subscales, physical and emotional showed 
no significant difference, but for all three subscales individually the trend was for a positive 
improvement in speech after treatment. To evaluate the change per question a Wilcoxon 
signed rank test was used. Three questions stood out for this specific study group; P2: ‘I 
experience difficulties in articulation when I speak’; F3: ‘I find it difficult to communicate 
with people I don’t know’ and F4: ‘Because of my speech problem people ask me often 
to repeat myself’. These questions showed a significant positive difference, resp. 0.021; 
0.008 and 0.015. Table 4 summarizes the change in COG over time. For all sounds the 
intercept was negative (signifying a mean drop in COG), but this was only statistically 
significant for /s/ and /f/. The effect of the extent of incisor lengthening varied. For the 
sounds /t/ and /f/ that effect was statistically significant, with a larger change in incisor 
length being associated with an increase in COG. For the adaptation effect (T1–T2) the 
intercept in the analysis does not have a natural interpretation, but the effect of the initial 
change (between T0 and T1) on the change between T1 and T2 was clearly negative for all 
sounds, with always p<0.001. That implies that for all sounds the change between T1 and 
T2 can be seen as a rebound to the initial change of the COG. Fig. 1 visualizes this rebound 
effect for the sound /v/. The size of the rebound varied between 29% and 68% of the initial 
change in COG (Table 4).
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 Occlusal/Incisal(%)
Nonocclusal/Nonincisal (%)
Vestibular Lingual
0 1a 1b 1c 2 3a 3b 4 0 1 2 0 1 2
0.0 0.2 0.0 2.5 39.9 33.2 19.5 1.7 0.8 7.1 89.3 1.7 12.6 83.0
Table 1; Distribution of overall Occlusal/Incisal and Nonocclusal/Nonincisal tooth wear scores, measured 
on 3D scans. Not all patients were fully dentate, 2,7% of the teeth were missing.
Structural difference
Sounds Reliability DME Diff. 95%CI diff p-value
/s/ 0.996 95.49 16.72 [-39.02 – 72.46] 0.542
/t/ 0.989 249.83 53.52 [-92.31 – 199.36] 0.456
/d/ 0.983 127.67 17.64 [-56.89 – 92.17] 0.630
/f/ 0.989 326.93 38.65 [-177.74 – 255.04] 0.713
/v/ 0.985 270.80 52.44 [-105.64 – 210.52] 0.500
/m/ 0.984 7.47 4.60 [0.24 – 8.96] 0.040
Table 2; Results of the intra-observer analysis with the program PRAAT.
SHI questionnaire
Mean T0 (±SD) Mean T2 (±SD) Mean diff.T0-T2 95% CI of diff. p-value
Total overall score 0.52 (±0.45) 0.29 (±0.24) 0.23 [0.00 ..0.47] 0.054
Subscale Physical 0.84 (±0.63) 0.59 (±0.44) 0.25 [-0.11 ..0.60] 0.160
Subscale Functional 0.58 (±0.48) 0.19 (±0.24) 0.39 [0.17 ..0.60] 0.001
Subscale Emotional 0.14 (±0.34) 0.08 (±0.25) 0.06 [-0.15 ..0.27] 0.557
Table 3; Mean overall and subscale SHI-scores for T0 (before treatment) and T2 (1 month after treatment), 
and results of paired t-tests to evaluate the changes over time. T0 was compared with T2 to evaluate the 
impact of the treatment after adaptation.
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Table 4; Results of the statistical analysis of the COG-changes for the analysed sounds.
For the difference between T0 and T1, the intercept of the regression models shows the change in COG (at 
the centered mean increase of the length of the incisors: 2.6mm). The effect of the actual extent of change 
in incisor length (factor ∆length incisors) varied between the sounds. For the difference between T1 and 
T2, the intercept of the regression models is the change in COG in the situation where the change in COG 
between T0 and T1 was 0. This intercept does not have a natural interpretation. The relevant information 
is contained in the factor ∆COG T1-T0, which represents the effect of the initial (or treatment) change 
(between T0 and T1) on the change between T1 and T2 (or adaptation). The ICC explained the clustering 
of repeated sounds (within one moment (T0/T1 or T2) within the patient. ICC = 0, no clustering, ICC = 1, 
distribution between patients, not within the patients themselves.
Sound
T0
COG(Hz) ± sd Moment ICC Effect (Hz) 95% CI of diff. p-value
/s/ T0 → T1 0.061 Intercept -968 [-1332 … -598] <0.001
N = 83
5628 ± 1483 ∆length incisors -7.31 [-322 … 309] 0.967
T1 → T2 0.579 Intercept -515 [ -974 .. -58.6] 0.027
∆COG T1-T0 -0.34 [-0.46 .. -0.23] < 0.001
/t/ T0 → T1 0.037 Intercept -372 [-814 .. 63] 0.093
N = 83
2952 ± 2304 ∆length incisors 502 [124 – 878] 0.009
T1 → T2 0.181 Intercept -130 [-574 .. 303] 0.545
∆COG T1-T0 -0.29 [-0.46 ..-0.11] <0.001
/d/ T0 → T1 0.357 Intercept -44.6 [-370 .. 281] 0.788
N = 82
747 ± 1013 ∆length incisors 138 [-142 ..419] 0.333
T1 → T2 0 Intercept -40.3 [-150 .. 69] 0.471
∆COG T1-T0 -0.32 [0.44 .. -0.21] < 0.001
/f/ T0 → T1 0.176 Intercept -1075 [-1736 .. -409] 0.001
N = 66
6607 ± 2154 ∆length incisors 767 [198.3 .. 1338] 0.008
T1 → T2 0.374 Intercept 375 [-799 .. 587] 0.532
∆COG T1-T0 -0.55 [-0.85 .. -0.24] < 0.001
/v/ T0 → T1 0.091 Intercept -361 [-1029 .. 311] 0.294
N = 83
4019 ± 2747 ∆length incisors 380 [195 .. 959] 0.194
T1 → T2 0.101 Intercept -399 [-985 .. 185] 0.179
∆COG T1-T0 -0.45 [-0.64 ..-0.27] < 0.001
/m/ T0 → T1 0.065 Intercept -0.19 [-12.3 .. 11.9] 0.970
N = 84
229 ± 36 ∆length incisors 0.87 [-9.82 .. 11.5] 0.877
T1 → T2 0.059 Intercept 16.0 [4.57 .. 27.5] 0.006
∆COG T1-T0 -0.68 [-0.91 .. -0.48] < 0.001
86
Chapter 6 | Speech changes in patients with a full rehabilitation for severe tooth wear 
Fig 1; Graph of the COG of the sound /v/ at the three different measurement moments for each patient 
(data points linked by lines per patient). The rebound effect may be observed for most patients, both when 
the initial change was positive and when it was negative.
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Discussion
To our knowledge, this is the first study to investigate the effect of a full occlusal 
rehabilitation of tooth wear with increase in VDO on speech characteristics. 
In collaboration with a speech-language pathologist it was decided to evaluate the sounds 
most likely to be affected by the increase in vertical dimension or the change in shape of 
the upper incisors. The intraoral areas that are involved into articulation of the different 
sounds in the Dutch language has previously been described by Rietveld et al. [18]. Another 
decision made based on the expertise of the speech-language pathologist, due to the lack 
of evidence in the literature, was to evaluate the sounds at the beginning of words. This 
decision was made to make it easier and more reliable to isolate the sounds using the 
program PRAAT. Intra-observer reliability rates were very high: >0.98. Only for the sound 
/m/ the re-measurement showed a significant inconsistency with a p-value of 0.04. The 
/m/ is harder to isolate at the end of the sound because the /m/ easily transitions into 
the next sound. The effect of the next sound of the word was analysed but it showed no 
significant influence on the COG so the sounds could be averaged. 
The reason for analysing the parameter COG of each sound and not to look at other 
characteristics within the speech recordings was that the COG is an objective parameter, 
that can be acoustically analysed with the program PRAAT. The COG is a measurement 
that represents the average height of spectral frequencies. It is the most valuable 
characteristic of a sound [14]. Speech characteristics are variable within the same person 
[19], and it is possible to investigate speech with qualitative evaluation (an expert listening 
and assessing) but that remains subjective. Since there is little to no knowledge about the 
speech characteristics after a full rehabilitation of tooth wear the objective analysis using 
COG was chosen as a starting point.
The patients’ subjective opinion about their own speech, quality was evaluated using the 
SHI, showing very low means. This questionnaire may not focused enough on tooth wear to 
evaluate the subtle changes in patients with a full rehabilitation due to tooth wear, resulting 
in no significant differences after the adaptation period of one month compared to the 
baseline (T0) registration, p=0.054. Only the subscale functional showed a significant 
improvement of 0.39 scale point. 
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Looking deeper into the different questions, three questions stood out for this specific 
study group, namely question P3, F3 and F4. Before treatment many patients pointed out 
these problems to their dentist, even before filling in the SHI. So overall, the main speech 
problems in daily life for these patients were represented in the questionnaire.
To assess the effect of the dental changes during treatment, the applied VDO in mm and 
the lengthening of the upper central incisors in mm were introduced in a regression model 
of COG changes. The applied VDO had no significant impact on any of the sounds, and 
was therefore left out of the analysis. This study showed that the mean COG for the sounds 
/s/, /t/, /d/, /f/, /v/ and /m/ decreased due to the treatment, when taking into account the 
mean change in the length of the central incisors. For the sounds /t/ and /f/, the degree of 
lengthening of the incisors significantly influenced the treatment effect. The effect on these 
sounds may be explained by their formation : the /f/ is produced through a light contact 
between the inside of the lower lip and the upper front teeth, while the /t/ is produced with 
the tip of the tongue touching the roof of the mouth near or against the front teeth [20]. 
This may have led to a substantial effect on COG. The absence of a significant effect for 
the sounds /v/ and /d/ may also be found in the articulatory information, as the /v/ and /d/ 
are voiced sounds, unlike the /t/ and /f/ which are voiceless. Looking at the results of the 
SHI questionnaire, this pronounced effect did not lead to a negative impact on speech 
perception by the patient. 
We expected that the increase of length of incisor teeth would have an effect on the 
/s/ sound, however, this was not observed. The impact of the whole treatment did show 
a significant impact, p<0.001, for the sound /s/. The verbal complaints of patients of a 
temporarily feeling of lisping, which was over within a few weeks, cannot be explained with 
the increase in length of the incisors. It is possible that for the /s/ the thickness on palatal 
side of the incisors may have had a greater effect, causing the temporarily feeling of lisping. 
The /s/ is created involving two constrictions; the narrow channel between the tongue and 
the palate or alveolar ridge, and the second constriction is formed by the teeth, against 
which the airflow is directed.
The COG after 1 month of adaptation showed a rebound effect, dependent on the initial 
treatment change in COG T0-T1. Interestingly, the rebound occurred irrespective of the 
direction, positive or negative, of the treatment effect. 
The clinical relevance of this finding is not yet explained but it may be a positive sign that 
the impact of a full rehabilitation does not result in lasting and possibly detrimental changes 
in the COG of the investigated sounds. 
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It is difficult to compare the COG values in this study to a ‘golden standard’ for speech. 
There is a lot of variation possible in the pronunciation and dialects may have an influence 
[20]. On the website www.taalportaal.org the Dutch language is investigated covering 
syntax, morphology and phonology. For the different investigated sounds; /s/, /f/, /v/, /d/, 
/t/ and /m/ there are indications in which region the COG in Hz may be located [20]. These 
values strongly depend on the way they are obtained for example quality of the recordings, 
or amount of background noise that had to be cancelled out with a filter. Therefore, absolute 
COG values should probably not be compared across studies. Comparisons with other 
studies in the field of dentistry are also difficult because of methodological differences and 
the very limited literature on speech in relation to dentistry. 
Further investigation, for example a listening experiment with speech pathologists, may be 
necessary to come to a conclusion about the clinical implication of a full rehabilitation on 
speech characteristics.
Conclusions
Acoustic speech characteristics of tooth wear patients tend to change after full composite 
rehabilitation with a rebound effect after one month of adaptation, dependent on the 
size of the initial change right after treatment completion. Tooth wear patients perceive a 
subjective improvement in speech function after treatment.
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Abstract
Objective
The purpose of this study was to identify the level of Oral Health Related Quality of Life 
and orofacial appearance in patients with moderate to severe tooth wear. Patients with and 
without a request for restorative treatment were included. 
Materials and Methods
124 patients (98 men, 26 women, mean age: 40.5±8.8y) with moderate to severe tooth 
wear, were included. Patients without a request for help received a non-restorative 
treatment of counseling and monitoring. Patients with a request for restorative treatment 
were treated with a full rehabilitation using composite resin restorations. OHIP-NL and 
OES-NL questionnaires were filled in at baseline and after one year.
Results
Counseling & monitoring group: baseline OHIP-NL score was 0.4±0.3, baseline summary 
score of OES-NL was 48±7.0, and baseline impression score was 7.1±1.2. Scores had not 
changed significantly after 1 year (p=1.00 after Bonferonni correction).
Restoration group: baseline OHIP-NL score was 0.8±0.6, baseline summary score of 
OES-NL was 38±10, and baseline impression score was 5.9±1.5. Scores had improved 
significantly after 1 year (p<0.001 after Bonferonni correction).
Conclusions
Counseling and monitoring did not result in a significant deterioration and restorative 
treatment resulted in a significant improvement of OHRQoL and orofacial appearance in 
this patient group.
Clinical significance
In patients with moderate to severe tooth wear, without functional and esthetical problems, 
counseling and monitoring may be an appropriate treatment option. Restorative treatment 
in patients with a need for treatment results in an improved OHRQoL. OHIP and OES 
questionnaires may be used to monitor changes in clinically relevant symptoms.
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Introduction
Tooth wear is a loss of dental hard tissues which is irreversible, multifactorial, non-carious 
and may, in some situations, lead to a pathological situation with functional or esthetical 
problems [1]. It is known that tooth wear may have an impact on patients’ satisfaction 
with their dentition regardless of tooth wear severity or personal factors. Mostly, patients 
complain about tooth sensitivity (dentin exposure), dental pain (involvement of the pulp), 
poor aesthetics (shortened clinical crown length), and functional impairment (difficulties 
with chewing due to occlusal alterations and dental tissue loss) [2]. Dissatisfaction with 
their appearance is the most common complaint [3, 4], and problems with appearance and 
function motivate patients to seek treatment [15].
Dental disease may influence an individual’s capacity to live comfortably, be successful 
in employment, enjoy life, experience relationships, and possess a positive self-image [5]. 
Even though dental disease is rarely life threatening, it can still affect quality of life [6, 7]. 
Different levels of oral status have various impacts on daily living and therefore, both the 
clinical status and psychological dimensions should be addressed whenever dental treatment 
needs are being assessed [7, 8].
In general, three approaches are used to measure Oral Health Related Quality of 
Life (OHRQoL). These are: social indicators, global self-ratings, and multiple-item 
questionnaires. This conceptual model is based on the World Health Organization (WHO) 
document ‘the WHO international classification of impairments, disabilities and handicaps’ 
[9]. The Oral Health Impact Profile (OHIP) is the most frequently used oral-specific 
measure for oral health-related quality of life. It is a questionnaire that contains 49 
statements organized in seven domains: functional limitation, physical pain, psychological 
discomfort, physical disability, psychological disability, social disability, and handicap [10]. 
The validity and reliability of the original English version of the OHIP have been evaluated 
in several epidemiological and cross-cultural studies [10-13]. A Dutch translation of the 
OHIP has also been validated [14]. 
For the specific problems regarding appearance a separate questionnaire has been 
developed: the Orofacial Esthetic Scale (OES), which aims to obtain a characterization of 
the orofacial esthetics [15, 16]. It consists of an eight-item instrument, which may be used 
to assess how patients perceive their dental and facial esthetics. The OES has also been 
validated for the Dutch language and showed good psychometric properties in a population 
with self reported tooth wear [17].
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Patients with severe tooth wear were shown to have an impaired OHRQoL, comparable to 
that of edentulous patients [18]. A recent study in the UK explored the association between 
tooth wear and quality of life among adults in the United Kingdom, independently of socio-
demographic factors and other common oral conditions. It concluded that severe tooth 
wear was associated with psychological impacts on people’s life [19]. On the other hand, a 
study in 2011 in a sample of university students showed that tooth surface loss into dentine 
was prevalent among young adults, but that it had little impact on OHRQoL [20].
The purpose of this study was to identify the level of OHRQoL and orofacial appearance 
in patients with moderate to severe tooth wear. Patients were grouped into those with or 
without a request for restorative treatment. At baseline and after one year the OHIP-NL 
and the OES-NL were completed, to analyze OHRQoL before and after non-restorative 
or restorative treatment.
Material and Methods
Patients with tooth wear were referred by general dental practitioners to the Department 
of Dentistry of the Radboud university medical center (Nijmegen, The Netherlands). The 
inclusion took place in the period September 2011 until June 2014. Ethical approval (for a 
larger study of which the current study is a part) was sought and granted before the study 
was undertaken (ABR code: NL31371.091.10). All patients who were asked to participate 
agreed and signed an informed consent document before entering the study. 
Inclusion/ exclusion criteria
The following inclusion criteria were used for selection of the patients: 1) ≥18 years; 
2) moderate / severe tooth wear (TWI≥2); 3) full dental arches, with a maximum of one 
missing tooth in the posterior area; 4) absence of serious general health problems (ASA-
score ≤3).
The following exclusion criteria were used: 1) mouth opening <3.5cm; 2) temporomandibular 
pain or dysfunction; 3) periodontitis (pockets >4mm); 5) active dental caries or endodontic 
problems
Treatment
On the basis of the severity of the tooth wear and their objective and subjective treatment 
need the patients were either treated with counseling & monitoring or with restorations.
Counseling & monitoring: This group contained patients without a clear request for 
restorative treatment. Counseling included information about the main cause of their tooth 
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wear (chemical and/or mechanical). If necessary, specific preventive measures were advised 
e.g., consultation with family doctor in case of gastroesophageal reflux disease, dietary 
advice, or the fabrication of a hard occlusal stabilization splint for nighttime usage.
Restorative treatment: This group contained patients with a clear request for restorative 
intervention due to functional (difficulties with chewing, discomfort) or esthetic problems. 
These patients were treated restoratively with a full rehabilitation using composite resin 
restorations, including an increase of vertical dimension of occlusion (VDO) [21].
As these groups were obviously different on an important aspect, namely request for 
treatment, no treatment outcome comparisons between the groups were made.
Assessment of tooth wear
In order to score tooth wear, diagnostic study models were assessed. The TWI-index of 
Smith & Knight was used [22], with scores ranging between 0 (no loss of enamel surface 
characteristics) and 4 (complete enamel loss, pulp exposure or secondary dentin exposure). 
Every surface of each tooth was assessed and the highest score recorded. The highest score 
in the whole mouth determined the patient TWI score. Repeated measurements were made 
after 2 weeks on a random sample of 15 patients to determine reliability.
Questionnaires
At baseline and after one year, patients were asked to complete the 49-item Oral Health 
Impact Profile-NL questionnaire and Orofacial Esthetic Scale-NL questionnaire [14, 17]. 
Following explanation of the questionnaires format by a research assistant, patients completed 
the questionnaires without assistance. For each statement in the OHIP-NL, patients were 
asked to score how frequently they experienced the impact of this statement during the last 
month because of problems with their teeth, mouth or dentures. The answers were scores on 
5-point ordinal scales, ranging from never (0), hardly ever (1), occasionally (2) and fairly often 
(3), to very often (4)[14]. Higher scores imply a more impaired OHRQoL. Three questions 
refer exclusively to dentures (questions 9, 18 and 30) and were therefore excluded from our 
analysis. The sensitivity of the OHIP to change has been investigated and it was concluded 
that summing up scores was a good method to detect changes [23]. In our analysis, we used 
the summary score as suggested by John et al.[24].
In the OHIP questionnaire are questions included about the orofacial appearance but to 
get a better understanding of the impact of the orofacial appearance it was decided to add 
the OES-NL questionnaire. The OES-NL consisted of 8 questions about the appearance 
of the face, profile, mouth, tooth alignment, tooth shape, tooth color and gums. The last 
question is an overall impression question and can be analyzed separately. The answers are 
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scores on 11-point ordinal scales, ranging from very dissatisfied (0) to very satisfied (10). 
Lower scores imply more impaired orofacial appearance. For the summary score items 1 to 
7 are used, for the overall impression score item 8 is used.
Missing data
If there were more than five questions on the total OHIP-NL or more than two questions 
from within one of the seven domains unanswered, the data was discarded. For the 
remainder, missing responses to individual questions were replaced with the mean value of 
the coded response of the corresponding question [25]. If there was more than one answer 
missing on the total OES-NL, the questionnaire was discarded.
Statistical analysis
Reliability for the TWI scores was calculated using a weighted Cohen’s kappa. Data of the 
questionnaires at baseline was compared with data after one year using paired t-tests, 
p <0.05. Changes in summary score, were analyzed for each of the two groups separately. 
Correction for multiple testing for the OHIP-NL outcome is mandatory and therefore the 
Bonferroni test was used. Eight tests were done, so the p-values were multiplied by 8.
For the OES-NL, summary score (questions 1 to 7) and the overall impression score 
(question 8) were analyzed separately with paired t-tests (95% CI, p <0.05). In the 
OES-NL questionnaire, two questions refer specifically to the shape and color of teeth: questions 
5 and 6. These outcomes and their correlation with the specific questions about esthetics in 
the OHIP-NL (3,22,31) was analyzed using Spearman’s rank correlation. All statistical analyses 
were performed with the Statistical Package for Social Sciences (SPSS 22).
Results
In total 124 patients (98 men, 26 women, mean age: 40.5±8.8y) participated in this study. 
The counseling & monitoring group consisted of 46 patients (37 men and 9 women, mean 
age: 40.8±9.3y), with a mean maximum TWI-score of 2.9±0.5. The restoration group 
consisted of 78 patients (61 men and 17 women, mean age: 40.3±8.5y), with a mean 
maximum TWI-score of 3.3±0.4. The TWI score had a weighted Cohen’s kappa score 
of 0.60. None of the OHIP-NL questionnaires had to be discarded for missing answers 
so there was no need for data imputation. For the OES-NL 15 questionnaires had to be 
discarded due to missing answers. None of the patients dropped out of this study. 
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Fig. 1; The summary scores of the OHIP-NL (mean(±sd) within the counseling & monitoring group and 
restoration group at baseline and after 1 year.
note: * = p < 0.001
The results for the OHIP-NL are visualized in Fig. 1 and the analysis is presented in Table 
1. In the counseling & monitoring group, the OHIP-NL showed no change over a period of 
one year: with a mean overall change over 1 year of 0.01 (SD 0.3; p=1.0). In the restoration 
group, a statistically significant impact on OHRQoL was found: mean overall change over 
1 year of -0.5 (SD 0.5; p<0.001).
The results for the OES-NL are visualized in Fig. 2, showing a similar effect as seen for 
the OHIP, and the analysis is presented in Table 2. Both summary score (average change 
-2, p=0.12) and overall impression score (average change -0.1; p=0.71) did not change 
significantly in the counseling and monitoring group. Patients in the restoration group did 
show significant changes for both the summary score (average change 19; p <0.001) and 
overall impression score (average change 2.5; p <0.001).
Mean 95% CI of diff
Variable Baseline After 1 year Mean difference P-value Lower Upper
Group A Summary 
score
0.4 (0.3) 0.4 (0.4) 0.01 (0.3) 1.0 -0.07 0.09
Group B Summary 
score
0.8 (0.6) 0.3 (0.3) -0.5 (0.5) <0.001 -0.6 0.4
Table 1; Comparison (t –test with Bonferroni correction included) of the monitoring group (A) and the 
restoration group (B); baseline and after 1 year for the OHIP summary score(±SD).
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Fig. 2; The summary scores of the OES-NL (mean(±sd) within the counseling & monitoring group and 
restoration group at baseline and after 1 year.
note: * = p < 0.001
In the counseling & monitoring group there was essentially no change for questions 
5: -0.27±1.5 (p=0.26) and 6: -0.34±1.4 (p=0.13). In the restoration group, however, a 
significant increase was observed for both questions: 4.2±2.8 (Q5, p <0.001) and 3.2±2.4 
(Q6, p <0.001). For OHIP-NL questions 3, 22 and 31 no change occurred for the counseling 
& monitoring group (p≥0.15), while all questions showed change for the restoration group 
(p<0.001). These groups of questions from the two questionnaires showed no correlation 
for the counseling and monitoring group (Spearman’s Rho baseline -0.25, p=0.10, 1 year 
0.021, p=0.89), but a significant positive (considering the opposite scales) correlation for 
the restoration group (baseline -0.64, p<0.001; 1 year -0.32, p<0.001).
N Mean baseline Mean after 1 year Mean difference 95% CI of diff P-value
OES summary score
Monitoring group 44 48 (7.0) 46 (7.6) -2 (6.7) -3.6… 0.4 0.12
Restoration group 65 38 (10) 57 (7.9) 19 (14) 16 … 23 <0.001
OES overall impression score
Monitoring group 44 7.1 (1.2) 7.0 (1.1) -0.1(0.9) -0.44… 0.29 0.71
Restoration group 65 5.9 (1.5) 8.4 (1.1) 2.5 (2.0) 2.0… 3.0 <0.001
Table 2; Comparisons (t -test) between baseline and after 1 year for the counseling & monitoring group 
and the restoration group, using the Orofacial Esthetic Scale summary score and the overall impression 
score (±SD).
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Discussion 
The purpose of this study was to investigate the impact of moderate to severe tooth wear 
on the Oral Health Related Quality of Life, and the effect 1 year after treatment either 
with counseling & monitoring or with composite restorations. To understand the impact 
of the esthetics on orofacial appearance better, the OES-NL was included in addition on 
the OHIP-NL. We did not aim to compare the two treatment modalities, as they are not 
equal alternatives, but each indicated in a different clinical situation. It was observed that 
patients with roughly comparable objective degrees of tooth wear (TWI 2.9 vs 3.3) reported 
a very different impact of this wear on their OHRQoL (OHIP-NL 0.4 vs 0.8). A major 
improvement in Oral Health Related Quality of Life (OHRQoL) resulted after restorative 
treatment, and patients who received counseling and monitoring only, showed a stable 
OHRQoL over a period of one year.
Where a functional or esthetical demand for treatment is present, a dynamic treatment concept 
based on minimally invasive principles is generally preferred. In this concept, the word “dynamic” 
means retaining options for a new or repeated treatment when the first treatment fails [26]. 
Minimally invasive means that restorations are placed with a minimum of additional tooth loss 
or iatrogenic damage. In total rehabilitations of severely worn dentitions, direct composite 
resin restorations have been shown to be successful [27-30]. Even indirect composite resin 
restorations can be used in a minimally invasive way. The results of these treatment options 
seems to be very satisfying, however, no data is presented about the effect of such treatment 
on OHRQoL. As far as we know, this is the first report showing that a restorative treatment 
resulted in a statistically significant improvement of OHRQoL in patients with tooth wear. And 
perhaps equally important, we showed that in a group of patients with considerable tooth wear 
who received only counseling treatment, an option which may truly be called minimally invasive, 
no deterioration of OHRQoL could be observed over a period of one year. 
With 97% male patients, the gender imbalance in this study is notable. A slight disbalance 
was also observed in studies with adolescents, in which it was found that more boys than 
girls had erosive tooth wear [31, 32]. In adult subjects with extensive (>10% of surfaces) 
levels of tooth wear, highly significantly more men than women were affected [33]. Despite 
the limited data available on tooth wear rates, tooth wear progression rates were reported 
to be higher in males in some studies [34, 35], although other reports failed to find a 
difference [36-38]. The explanation for this higher prevalence of tooth wear in males is not 
yet available. Wetselaar et al. suggest that differences in diet may be a reason, due to the 
evidence that male adolescents and adults consume more acidic drinks than women, leading 
to possible more (erosive) tooth wear [39]. They also suggest that men’s masticatory 
muscles exert higher forces, which may cause more (mechanical) tooth wear.
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Another interesting aspect is the relatively young age of the patients in the present study, 
with a mean age of 40.5±8.8 years. Although tooth wear is partly an age-dependent 
physiological phenomenon, at every age there may be individuals showing a pathological 
degree or rate of wear. It may be argued that the severity of tooth wear should be viewed 
relative to the ‘normal’ wear of the age group, and that the occurrence of severe wear is 
thus independent of age [40]. Other studies reporting similar proportions of severe levels 
of wear in different age groups support this theory [33, 34, 41, 42].
The higher degree of impact on OHRQoL of tooth wear in the group who received restorative 
treatment could be explained by both reduced self-confidence due to a compromised 
appearance and by pain and sensitivity, causing more effect on their OHRQoL. Patients with 
pain have been shown to have higher OHIP scores compared to patients without pain [18, 43, 
44]. Whereas patients with tooth wear had similar OHIP scores to edentulous individuals, 
scores from patients with painful temporomandibular disorders were even higher, indicating 
that pain is an important aspect of OHRQoL [18]. Wetselaar et al. described reasons for 
a tooth wear patient to seek help: sensitivity and/or pain; difficulties with chewing/eating; 
impaired orofacial esthetics; and crumbling of dental hard tissue and/or dental restorations 
[45]. Patients who received a restorative treatment experienced the ability to eat and drink 
without pain after the treatment resulting in a major improvement in their OHRQoL. Li 
et al. showed that dentists, when making treatment decisions, should consider not only the 
patients’ objective clinical characteristics, but also the impact of the condition on quality of 
life [19]. The decision for restorative treatment in the present patient group was strongly 
influenced by their subjective complaints of impaired appearance and pain.
Impaired orofacial esthetics was the highest scoring complaint in the restoration group. In 
a previous study in the Netherlands, the Dutch version of the OES was used for patients 
with and without self-reported tooth wear [17]. Summary scores were 46.4±12.1 and overall 
impression scores 6.9±1.7 for patients with tooth wear (n=307) and 49.7±11.3 and 7.2±1.6, 
respectively, for patients without tooth wear (n=276). These results are comparable to those 
of the present study for the counseling & monitoring group. The restoration group reported 
an improvement of their orofacial appearance using the OES-NL. For the counseling & 
monitoring group, there was no significant change after one year. In an ongoing study, the 
satisfaction with the facial appearance over a longer period of time will be investigated, to 
evaluate the long-term effects.
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We observed no significant correlation between the esthetics related questions of the 
OES-NL and the OHIP-NL for the counseling & monitoring group. For the restoration 
group, however, we observed significant correlations ranging from -0.32 to -0.64. This may 
be explained by the higher levels of impact of the esthetic aspect in the restoration group.
Conclusions
It was shown that in patients with moderate to severe tooth wear, but without a request for 
restorative treatment, no changes were observed in the level of their Oral Health Related 
Quality of Life and orofacial appearance over a period of one year. Patients who asked 
for restorative treatment, often for reasons of esthetics or pain, experienced a significant 
improvement of their Oral Health Related Quality of Life and orofacial appearance after 
restorative treatment.
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This thesis focused on a specific feature of both tooth wear itself and its restorative 
treatment: the change in the vertical dimension of occlusion and in particular the patient’s 
perspective. The current evidence about effects of losing vertical dimension of occlusion 
(VDO) and, on the other hand, increasing the VDO with restorative treatment on subjective 
and objective patient related outcomes is limited. This thesis has attempted to explore some 
of these effects, using data collected in the Radboud Tooth Wear Project (RTWP). 
 
After the first patients were treated, sometimes with an initial plan for an increase in 
VDO of more than 5 mm, the question arose what the impact was of this substantial 
bite raise on the patient’s facial appearance/ facial-aesthetics. 3D-stereophotograph 
imaging technique was applied to evaluate facial changes in the soft tissues of the face 
in a pilot study (chapter 2). It showed that an increase in lower facial height was already 
detectable with interposition of a 1 mm resin block. After the results of the pilot study 
were established, patients treated in the RTWP were referred to the 3D Facial Imaging 
Research Group from the department of Maxillofacial Surgery at the Radboud university 
medical center, for 3D-photographs before and after treatment. Facial measurements 
were performed with 3D-stereophotogrammetry [1] and using the Orofacial Esthetic 
Scale (OES)[2] questionnaire, subjective facial aesthetics were evaluated by the patients 
themselves. The treatment resulted in objective changes in lower facial height as measured 
with 3D-stereophotogrammetry, but the visible change in lower facial height did not result 
in a negative appreciation by the patient. Instead, patients were highly positive about the 
treatment and its effect on their appearance. 
Viewed from the patient‘s perspective, this study is a favourable adjunct to the current 
literature as it evaluated a real treatment and combined the results attained with the 
outcomes of a questionnaire based appraisal, in order to develop a better understanding 
of the impact of this treatment on the patient’s opinion about their own aesthetics. The 
Clinically relevant questions to be answered in this thesis were:
• What may be the impact of an increase in VDO on the possible alteration of the 
facial appearance?
• Is there an effect of tooth wear or a full rehabilitation of the worn dentition on the 
masticatory performance?
• Does a full rehabilitation have an effect on speech quality?
• What is the impact of counseling and monitoring or a full rehabilitation on the oral 
health-related quality of life in patients with severe tooth wear?
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clinical study evaluated facial changes directly after treatment. Time management (patients 
already had numerous appointments for the treatment and recall sessions) and the planning 
of these appointments to coincide with the possibility to take the 3D-stereophotographs 
at the department of Maxillofacial Surgery resulted in a limitation of measurements at 
different points in time after treatment. It would be interesting to see whether the 
facial changes still persist one or more years after treatment or whether some degree of 
adaptation / relapse occurs.
Patient’s questions at intake about how the treatment would affect their ability to chew, and 
the lack of evidence to support a response to those questions, initiated the second line of 
research, on masticatory performance. To this day, studies on the topic tooth wear in relation 
to the masticatory performance are rare, so the first of two studies that was conducted was 
to evaluate the impact of tooth wear on masticatory performance. The second study was set 
up to investigate the impact of a full rehabilitation on masticatory performance. Although 
there are many options to evaluate the masticatory performance[3], the comminution 
test[4] was used for reasons of experience, availability and comparability with data from 
the literature. There may be additional or different aspects of chewing that could be better 
evaluated with a different test, such as a mixing ability test[5]. The comminution test is a 
common test and known to be efficient to measure masticatory performance in different 
study groups such as fully dentate or partially dentate patients. However, as there is no 
occlusal contact during chewing, occlusal configuration may have had a greater role in 
patients with tooth wear than we initially thought. Moreover, the cause of the tooth wear, 
for example bruxism or chemical wear may contribute to the chewing pattern of a specific 
patient which causes the comminution test not to be the right test for this specific patient 
group. An adapted mixing ability test for example may be better suited, or a combination of 
both tests. Several factors that have been suggested as having an influence on masticatory 
performance were included, such as age, sex and maximum bite force. However, occlusal 
contact area was not included in our study. It would be interesting in future studies to 
investigate the impact of occlusal contact area and the configuration of the occlusal surface 
upon masticatory function in patients with different degrees and/or types of tooth wear and 
also the possible influence of the alteration of occlusal contact area after full rehabilitation 
of the dentition of tooth wear patients. 
We were not able to observe an effect of the degree of tooth wear on masticatory 
performance, while at the same time, from patient ‘s perspective, it became apparent that 
patients experienced a better oral health-related quality of life concerning their chewing 
performance. The clinical explanation of this finding is that the lack of comfort that a patient 
may experience during mastication will depend on more than one factor. The alteration of 
the tooth morphology or increase in vertical dimension of occlusion (VDO) may not be 
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the main reason for this lack of comfort, but instead presence of sensitive teeth, which in 
turn after they were covered with restorations, contributed to the patients’ satisfaction 
concerning the chewing performance and the ability to eat and drink whatever they wanted.
Quality of speech was the third aspect covered in this thesis. A number of pilot studies 
have been conducted to determine the most appropriate way to objectively evaluate 
speech quality. For want of a proven protocol, several experts from the department of 
Rehabilitation/Speech therapy were involved in setting up a suitable evaluation method. 
Due to collaboration with the audiological center of the Radboud university medical center, 
it was possible to collect data that was of a very high quality and therefore the different 
recordings on different moments in time were comparable with each other. Based both on 
the comments of patients and on theoretical problem sounds, a few sounds were selected, 
for example the /s/. The tooth wear treatment contained a raise in vertical dimension of 
occlusion and inevitably an alteration of the length and thickness of incisors, which could 
be of influence on the ability to make correct and understandable sounds [6, 7]. Chapter 
6 showed that a change in the frequencies of the center of gravity (COG, in Hz) could 
be observed of the sounds that were investigated (/s/, /v/, /d/, /t/, /m/). Although the 
COG changes were clear, it was not possible to classify these changes as either positive 
or negative. Based on the opinion of the treated patients, the treatment was did not 
negatively influence their speech quality and intelligibility in daily life. The most commonly 
reported comment was some difficulty pronouncing the /s/ sound, but this problem was 
short-lived and not significant after 1 month. For dentists it is good to know this ‘adverse 
effect’ to better inform the patient in advance of a restorative treatment. This is of even 
greater importance in patients who have an activity where speech and vocalisation are of 
importance (e.g., lecture, presentation, singing or playing a wind instrument).
Chapter 7 provided an overview of oral health-related quality of life of the patients with 
severe tooth wear who were monitored or treated restoratively. With the use of two 
questionnaires, the Oral Health Impact Profile (OHIP) and the Orofacial Esthetic Scale 
(OES) [2, 8] a very clear view of the patient’s perspective can be given. In this particular 
study, the non-restorative counseling & monitoring study arm was evaluated, to assess 
whether it is an acceptable treatment option for patients to delay or postpone the first 
round of restorative treatment. For both treatment approaches, both non-restorative 
and restorative, the outcome is positive when viewed from the patient’s perspective. The 
outcome for the counseling & monitoring group is that a delay of an invasive restorative 
treatment is justified for at least a one-year period without compromising the oral health-
related quality of life. When the restorative treatment is deemed necessary the results 
showed that the oral health-related quality of life for those patients increased significantly. 
Given the fact that a patient often does not fully comprehend the scope and effects of a full 
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rehabilitation, for the general practitioner it is reassuring to know that, whatever the choice 
of the patient, detrimental results are unlikely.
General aspects
Some general comments may be made regarding the studies in this thesis. As patients with 
severe tooth wear were referred to the Radboud university medical center by their dental 
practitioner, and also because the inclusion criteria for the parent RTWP were very strict 
as regarding dental co-morbidity, the included group of patients is very specific one. It is 
not possible to generalize the results of these studies. This is a limitation of this project, 
however, not much research is done related to the topic tooth wear so the results are 
valuable in this specific research field.
Speech has not featured widely in dental treatment studies, and therefore there are no 
specific measurement tools available. For example the Speech Handicap Index (SHI) [9]; a 
self-evaluation questionnaire was designed and validated to measure the physical, functional 
and emotional impact on speech due to dysarthria. Since there is no questionnaire available 
to evaluate speech difficulties as perceived by individuals with tooth wear, it was considered 
the best available option. This was also the case for the Oral Health Impact Profile[8], 
albeit to a lesser extent because there are different domains that cover more possible 
problems patients with tooth wear may experience. After the studies were finished, we 
had to conclude that the problem ‘pain’ had not been well covered. Although it is clear 
that measuring ‘pain’ and its consequences in people with tooth wear is difficult, it was 
still considered as a regrettable shortcoming. We assume that pain possibly overshadowed 
other problems, but we could not take this into account in the analyses, due to the poor 
measurement instruments available. This aspect should be given serious consideration in 
future studies. Possibly developing questionnaires more focused on all aspects of tooth 
wear, or extending existing questionnaires with questions on the item ‘pain’ related to tooth 
wear may be feasible.
As studies in this thesis were performed over a period of almost 5 years, clinical protocol 
changes were inevitable and for example registration methods evolved. One of the changes 
apparent in this thesis is the registration method for tooth wear. Due to the fact that 
registration methods are becoming more digital, scoring systems adapt to this change. For 
RTWP study arms 1, 2 and 3 the scoring system used to register the amount of tooth wear 
was the Tooth Wear Index (TWI)[10], but, for the fully digital study, study arm 4 (the 
study in which the speech evaluation was included), the Tooth Wear Evaluation System 
(TWES) [11] was used. Unfortunately, this means that within this thesis, comparison on 
the descriptive amount of tooth wear between chapters 3,4,5,7 and chapter 6 are not 
straightforward.
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The speech study was an ‘out of the box study’ and for that reason, also the toughest one 
to get a good grip on. After several years of testing to get the best study design, it was still 
hard to master the complexity of the measurement outcomes. What made interpretation 
so difficult was the lack reference mean values for the different sounds. Is it normal to 
measure a COG of 5600 HZ for the /s/ or is it totally on the ‘wrong’ end of the spectrum? 
In this field of innovative research, it is hard to relate obtained outcomes with already 
available data. Therefore, because of its novelty and interface with a totally other research 
field, had to be viewed on in a different way. It took a lot of effort to understand the ongoing 
processes in this patient group concerning the parameters that have been researched. 
Interestingly, the data showed an effect, namely a rebound effect of the speech after 
treatment returning to its own starting point within the patient themselves which made the 
objective measurements in agreement with the subjective measurements.
This thesis made a start with giving the patient a central role in understanding and treating 
the tooth wear problem. In general, the authors feel that the patient must have a larger role 
in the management of their tooth wear. This is also called the process of Shared Decision 
making, in which the patient, together with the dentist/doctor decides what treatment is 
best for him/her. The relevant outcome here is health-related quality of life and whatever 
the treatment choice made, the patient plays a key role in that outcome .
In conclusion, the main purpose of this thesis was to investigate different effects of treatment 
of the worn dentition, viewed from the patient’s perspective. Given the observed results it 
may be concluded that the treatment of the worn dentition, whether it is conservative or 
restorative will not impair, but preserve or improve oral health related quality of life.
Take home messages:
• An increase in VDO does not negatively change the facial appearance of patients 
with an up to 5mm increase in VDO
• Tooth wear or a completed full rehabilitation is unlikely to impair the masticatory 
performance in a negative way. During the treatment period patients may notice 
some difficulties chewing due to the nature of the treatment protocol
• Patients may notice changes in speech characteristics but these changes do not 
impair the quality of life and are only noticeable during a short period of time, 
within 4 weeks the adaption is almost for every patient completed
• In case counseling & monitoring is chosen as (initial) management strategy 
patient’s oral health related quality of life is preserved on the short term (1 year) 
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Future perspectives
In this thesis we have answered several questions such as the influence of an increase of 
vertical dimension of occlusion on facial appearance, the effect of a full rehabilitation on 
chewing performance and speech and what the impact of such a treatment was for the 
individual patient and his/her oral health-related quality of life.
However, research on the topic tooth wear, whether it is about the best treatment option, 
the best treatment material, the etiology of the tooth wear or the impact of the treatment 
on the oral health-related quality of life, for the long term, is still of great importance. 
When questions have been answered new questions arise. 
This thesis focussed on an evaluation period of 1 year, however it is interesting to know what 
the results will be after, for example, a period of 5 years.
Speech characteristics are an underexposed topic and this thesis made a start with 
revealing changes in speech after a full rehabilitation in an increased vertical dimension 
of occlusion. For now, speech characteristics in this thesis were objectively measured. It 
would be interesting to know, through, for example a hearing experiment, if trained speech 
pathologists may do hear difference in speech before and in the period after treatment. 
These and future studies will help practitioner and patient prepare for the effects and side-
effects of different treatment options, and make informed decisions.
116
Chapter 8 | General Discussion
References 
1. J.M. Plooij, G.R. Swennen, F.A. Rangel, T.J. Maal, F.A. Schutyser, E.M. Bronkhorst, A.M. Kuijpers-
Jagtman, S.J. Berge, Evaluation of reproducibility and reliability of 3D soft tissue analysis using 3D 
stereophotogrammetry, Int J Oral Maxillofac Surg 38(3) (2009) 267-73.
2. P. Larsson, M.T. John, K. Nilner, L. Bondemark, T. List, Development of an Orofacial Esthetic Scale in 
prosthodontic patients, Int J Prosthodont 23(3) (2010) 249-56.
3. A. van der Bilt, Assessment of mastication with implications for oral rehabilitation: a review, J Oral 
Rehabil 38(10) (2011) 754-80.
4. A. van der Bilt, L.W. Olthoff, F. Bosman, S.P. Oosterhaven, The effect of missing postcanine teeth on 
chewing performance in man, Arch Oral Biol 38(5) (1993) 423-9.
5. A. van der Bilt, J. Mojet, F.A. Tekamp, J.H. Abbink, Comparing masticatory performance and mixing 
ability, J Oral Rehabil 37(2) (2010) 79-84.
6. A. Pena-Brooks, M. Hegde, Assessment and treatment of articulation & phonological disorders in 
children, Pro-ed, Texas (TX), 2000.
7. R.J. Hammond, O.E. Beder, Increased vertical dimension and speech articulation errors, J Prosthet 
Dent 52(3) (1984) 401-6.
8. P.F. Allen, A.S. McMillan, D. Walshaw, D. Locker, A comparison of the validity of generic- and disease-
specific measures in the assessment of oral health-related quality of life, Community Dent Oral 
Epidemiol 27(5) (1999) 344-52.
9. L. Van den Steen, G. Nuffelen, C. Guns, M. De Groote, L. Pinson, M. Bodt, De Spraak Handicap Index: 
Een instrument voor zelfevaluatie by dysartriepatienten, 2011.
10. B.G. Smith, J.K. Knight, An index for measuring the wear of teeth, Br Dent J 156(12) (1984) 435-8.
11. P. Wetselaar, F. Lobbezoo, M. Koutris, C.M. Visscher, M. Naeije, Reliability of an occlusal and 
nonocclusal tooth wear grading system: clinical use versus dental cast assessment, Int J Prosthodont 
22(4) (2009) 388-90.
117
8

Chapter 9
Summary
120
Chapter 9 | Summary
The main objective of this thesis was to explore possible effects of a full rehabilitation in 
patients with severe tooth wear. Tooth wear is a growing problem and to better understand 
this phenomenon it is important to investigate aspects of its clinical sequelae and 
management.
In 2010 the ‘Radboud Tooth Wear Project’ was started at the dental school of the Radboud 
university medical center in Nijmegen, the Netherlands. Its underlying philosophy on the 
management of tooth wear is conservative, pragmatic, personalized and based on minimally 
invasive interventions.
The primary goals of the project are to:
• Determine risk factors causing the disbalance between intra-oral attack and defence 
leading to severe tooth wear
• Explore options for an optimal and ‘personalized management’ of severe dental wear
Restorative management of tooth wear usually includes replacing lost tooth tissue, in order 
to restore function and aesthetics of teeth, thereby increasing the vertical dimension of 
occlusion (VDO). Evidence for the effects of raising the VDO on subjective and objective 
patient related outcomes is very limited. Therefore, this thesis explored a number of 
effects, namely facial changes, chewing performance, speech changes and oral health 
related quality of life that may be expected related to the tooth wear and rehabilitation of 
the worn dentition. 
Chapter 1 describes the etiology of tooth wear and the new definitions of the terms ‘severe 
tooth wear’ and ‘pathological tooth wear’. It gives a general overview of the goals and set-
up of the ‘Radboud Tooth Wear Project’ and the different study arms of the project with 
their corresponding treatment strategies are explained. It also highlights the existing gaps 
in knowledge, which led to the research questions for this thesis.
The study described in Chapter 2 evaluated the 3D-stereophotogrammetry technique to 
detect differences in facial appearance after a simulated rehabilitation. Eleven volunteers 
without tooth wear participated. A 3D-stereophotograph was taken in five different 
situations: resting position, teeth in occlusion, and teeth in occlusion with a 1mm-, 
3mm- or 5 mm resin block between the first molars. Cephalometric measurements were 
performed on the 3D-stereophotographs using the software program Maxilim ® (Medicim 
NVMechelen, Belgium). Four anatomical parameters were analyzed: (1) Subnasale - 
Gnathion, (2) Subnasale - Stomion, (3) Stomion - Gnathion, and (4) Masseter right - 
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Masseter left. A paired Student’s t-test was applied to detect significant differences 
(p<0.05). Statistically significant changes in facial appearance of the lower facial height 
were detected in all measured positions, teeth in occlusion, 1mm-, 3 mm-, and 5 mm block 
(p<0.05). For the main distance (Subnasale - Gnathion) the mean measured differences 
were, respectively, 3.2mm; 5.2 mm; and 6.7 mm. 
With 3D-stereophotograph imaging technology, it was possible to detect changes in facial 
appearance after an artificial increase of vertical dimension of occlusion. This finding implies 
that reconstruction of loss of tooth substance may cause a visible change in facial appearance of 
the patient. Chapter 3 describes a clinical study on the effect of a full rehabilitation, including 
an increase of vertical dimension of occlusion (VDO), in patients with severe tooth wear on 
changes in facial appearance. Patients with severe tooth wear were restoratively treated using 
direct composite restorations, including an increase of the VDO. Before and one month after 
treatment 3D-stereophotographs were taken and facial changes were measured with the use 
of 3D cephalometric landmarks. Cast models were used to determine the Tooth Wear Index 
(TWI) and the VDO-increase. The Orofacial Esthetic Scale-questionnaire was used to evaluate 
subjective happiness with appearance. Paired Student’s t-tests were used to evaluate changes 
after full rehabilitation. The relation between facial changes, VDO-increment and TWI-score 
were analyzed using multiple regression models (p < 0.05). 44 Patients (35 men, 9 women, 
mean age: 38.2 ± 7.1 y) participated in this study, the mean TWI-score at baseline was 3.3 ± 
0.5 and the mean increase in VDO was 1.6 ± 0.9 mm. Lower face height increased by 1.9mm (p 
≤ 0.001). Patients reported a significant improvement in orofacial appearance: OES-summary 
score of 34.3 ± 11.2 before and 59.9 ± 6.8 one month after treatment (p < 0.001). The increase 
of VDO resulted in an increase in Lower Face Height (p ≤ 0.002), whereas the TWI-score at 
baseline had no effect on the facial changes. The applied increase in VDO and TWI-score were 
not related to changes in OES-scores. In conclusion, a full rehabilitation with an increase in VDO 
resulted in objective differences in facial height as measured with 3D-stereophotogrammetry.
Masticatory performance is influenced by a number of variables such as age, gender, bite 
force, and occlusal units. We hypothesized that tooth wear may also play a role due to 
changes in occlusal area and in vertical dimension of occlusion. Chapter 4 aimed to evaluate 
the effect of tooth wear on masticatory performance, using a comminution test. The 
amount of post canine wear was scored with the Tooth Wear Index (TWI). The number of 
occluding posterior units was quantified and the bite force was measured using a transducer. 
Masticatory performance was measured with a comminution test, with the median particle 
size (X50) after 20 chewing cycles as outcome measure. A multiple regression model was 
used to assess the relation between TWI, age, gender, bite force, occlusal units and X50. 
52 participants (40 male, 12 female, mean age: 40 ± 8.2y) were included in the study. 
The post canine TWI-score ranged between 1.0 and 3.3. The average number of occlusal 
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units per participant was 11.9 ± 1.4 and the mean bite force 369 ± 172 N. The mean X50 
was 4.2 ± 1.1. The results showed no significant relation between post canine TWI-score, 
age, gender, bite force, and occlusal units upon the X50 (p > 0.13). In conclusion this study 
showed that the degree of tooth wear was not related to masticatory performance.
In Chapter 5 we aimed to evaluate a complete rehabilitation in patients with severe tooth wear 
on masticatory performance. In 23 patients with generalized tooth wear (17men, 6 women, 
age 41.7 ± 8.3 years), bite force was scored and the masticatory performance was recorded 
with the same comminution test used in chapter 4. The pre-treatment TWI score post canine 
was 2.2 ± 0.5 and the average increase in vertical dimension due to the treatment was 2.0 
± 0.99mm. In addition, this study investigated 5 specific questions from the Oral Health 
Impact Profile (OHIP-49) questionnaire that are related to the masticatory performance. 
The data was collected before treatment and 1 month after treatment. Paired t-tests were 
used for the statistical analysis and for the individual questions of the OHIP questionnaire 
the McNemar test was used. The results showed no significant difference in mean particle 
size (X50) before and 1 month after treatment (p = 0.327). The mean bite force did decrease 
significantly 1 month after treatment (p = 0.028). The sum score of the 5 OHIP items 
showed a significant positive decrease 1 month after treatment (p = 0.001). In conclusion, 
this study showed that a full rehabilitation in a patient with severe wear in the short term has 
no effect on the masticatory performance as measured with the comminution test, although 
subjectively the patients experienced a significant improvement in masticatory performance.
The effect of a restorative treatment on speech is described in chapter 6. Tooth wear and 
its treatment may change the vertical dimension but may also alter tooth shape, which may 
affect speech. This study investigated the possible changes in speech characteristics due to 
the treatment and the perception of the patient regarding these changes. For this study, 
17 patients (14 men, 3 women, age 41.2 ± 10.4 years) were included. This time the degree 
of tooth wear was recorded with the Tooth Wear Evaluation System (TWES) measured on 
intra-oral 3D scans made of patients. The Dutch Speech Handicap Index (SHI) was used to 
assess the patients’ perception of their speech. The acoustic analysis was performed using 
voice recordings to be able to observe objective changes. These voice recordings were made 
before treatment T0; immediately after treatment, T1; and 1 month after treatment, T2. 
With the use of PRAAT software the Center of Gravity (COG) is measured for different 
sounds; / s /, / f /, / v /, / d /, / t /, / m /. The COG is measured in Hertz. The SHI scores were 
analyzed with a paired t-test, the changes in COG were analyzed using a multiple regression 
model. The TWES score was on average 3b for occlusal / incisal wear in these 17 patients. 
The average increase in vertical dimension at the location of the first molars was 2.7 ± 0.73 
mm. SHI scores were not significantly different between T0 and T2 (p = 0.054). The results 
of the multiple regression regarding COG changes show that the intercept was negative for 
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all sounds but that was only significant for the sounds / s / and / f / between T0 and T1. The 
effect of the initial change (between T0 and T1) on the change between T1 and T2 was clearly 
negative for all sounds (p <0.001) with a rebound effect between 29% and 68% of the initial 
change. It is clear that the COG for the examined sounds has changed based on the results, 
but it is difficult interpret this as being a positive or negative effect. Looking at the perspective 
of the patients, even if the SHI was not positively significantly different between T0 and T2, 
it showed that patients did not perceive a deterioration their speech due to the treatment. 
The level of oral health-related quality of life and orofacial appearance in patients with 
moderate to severe tooth wear was described in chapter 7. Patients with and without a request 
for restorative treatment were included. One hundred twenty-four patients (98 men, 26 
women, mean age: 40.5 ± 8.8 years) with moderate to severe tooth wear were included. 
Patients without a request for help received a non-restorative treatment of counseling 
and monitoring. Patients with a request for restorative treatment were treated with a full 
rehabilitation using composite resin restorations. Oral Health Impact Profile (OHIP-NL) and 
Orofacial Esthetic Scale (OES-NL) questionnaires were filled in at baseline and after 1 year. 
The results for the counseling and monitoring group were at baseline for OHIP-NL score 0.4 
± 0.3, and for the baseline summary score of the OES-NL 48 ±7.0, and baseline impression 
score 7.1 ± 1.2. Scores had not changed significantly after 1 year (p= 1.00 after Bonferroni 
correction). Restoration group: baseline OHIP-NL score was 0.8 ± 0.6, baseline summary 
score of OES-NL was 38 ± 10, and baseline impression score was 5.9 ± 1.5. Scores had 
improved significantly after 1 year (p < 0.001 after Bonferroni correction). In conclusion, in 
these patients groups counseling and monitoring did not result in a significant deterioration, 
and restorative treatment resulted in a significant improvement of oral health-related 
quality of life (OHRQoL) and orofacial appearance.
In chapter 8, the different effects due to treatment of tooth wear are discussed and set 
against existing literature. New research questions that arose from the data that was 
collected are described and future perspectives are given.
In conclusion, the main purpose of this thesis was to investigate different effects of tooth 
wear and its rehabilitation consisting of a full reconstruction of the worn dentition. Because 
the research questions in this thesis were, among others, based on experiences of the 
patient, the patient played a central role in this thesis. Given the results of the different 
studies in this thesis, it may be concluded that the treatment of the worn dentition did not 
have a negative influence on the oral health-related quality of life in general, and in several 
aspects the oral health-related quality of life improved.
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Dutch summary (Nederlandstalige samenvatting)
Het belangrijkste doel van dit proefschrift was het exploreren van mogelijke effecten van 
een volledige gebitsrehabilitatie bij mensen met gebitsslijtage. Gebitsslijtage is een steeds 
meer voorkomend probleem en om dit beter te begrijpen is het belangrijk onderzoek uit te 
voeren naar allerlei facetten rondom gebitsslijtage. In 2010 is het ‘Radboud Tooth Wear 
Project’ gestart aan het Radboudumc, afdeling Tandheelkunde waarbij de onderliggende 
filosofie over het beleid van gebitsslijtage is: ‘behoudend, pragmatisch, gepersonaliseerd en 
gebaseerd op minimale invasieve interventies’.
De primaire doelen van het project zijn:
•  Het bepalen van risicofactoren die de disbalans veroorzaken tussen aanval en afweer 
waardoor er gebitsslijtage kan ontstaan
•  Verzekeren van een optimaal en ‘gepersonaliseerd management’ voor patiënten met 
ernstige gebitsslijtage
Restauratieve behandeling van gebitsslijtage houdt meestal in dat verloren tandmateriaal 
wordt aangevuld om zo de functie en esthetiek te herstellen. Dit gaat bijna altijd gepaard 
met een verhoging van de beet. Onderzoek naar de effecten van het verhogen van de beet 
op subjectieve en objectieve patiënt gerelateerde parameters is schaars. Daarom richt dit 
proefschrift zich op een aantal effecten, namelijk gelaatsveranderingen, kauwvermogen, 
spraakveranderingen en oraal gerelateerde kwaliteit van leven, welke mogelijk gerelateerd 
zijn aan gebitsslijtage en de rehabilitatie van het gebit. 
Hoofdstuk 1 beschrijft de etiologie van gebitsslijtage en geeft de omschrijving van de term 
ernstige gebitsslijtage en de term pathologische gebitsslijtage. Het geeft een algemeen 
overzicht van de doelen en de opzet van het ‘Radboud Tooth Wear Project’. De verschillende 
onderzoekslijnen met de bijbehorende behandelstrategieën worden uitgelegd. Daarnaast 
wordt weergegeven welke lacunes er op dit moment bestaan en waaruit de onderzoeksvragen 
voor dit proefschrift zijn ontsprongen.
Hoofdstuk 2 beschrijft de gebruikte 3D-gelaatopnames (stereofotogrammetrie methode). 
Er is onderzocht of deze methode sensitief genoeg is om kleine veranderingen in de weke 
delen van het gezicht waar te kunnen nemen. Elf vrijwilligers zonder gebitsslijtage hebben 
deelgenomen aan deze studie. 3D-gelaatopnames zijn genomen in 5 verschillende posities; 
rustpositie, kiezen in occlusie, kiezen in occlusie op een 1mm, 3mm en 5mm kunststof blokje 
dat werd geplaatst tussen de eerste kiezen links en rechts. Chephalometrische analyse werd 
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uitgevoerd met behulp van het software programma Maxilim® (Medicim NV Mechelen, 
Belgie). Vier anatomische parameters zijn geanalyseerd: (1) Subnasale – Gnathion, (2) 
Subnasale – Stomion, (3) Stomion – Gnathion and (4) Masseter right – Masseter left. 
Gepaarde t-testen zijn gebruikt om significante verschillen weer te geven (p<0,05). Statistisch 
significante verschillen werden gevonden voor alle verschillende posities; rustpositie, kiezen 
in occlusie, kiezen in occlusie op een 1mm, 3mm en 5mm kunststof blokje (p<0,05). De 
gemeten verschillen voor de afstand Subnasale – Gnathion, gebruikmakend van kunststof 
blokjes met dikte 1mm, 3mm en 5mm, waren respectievelijk 3,2mm; 5,2mm en 6,7mm. 
Het is dus mogelijk om met de 3D stereofotogrammetrie techniek veranderingen in de 
weke delen van het gezicht aan te tonen als de verticale dimensie van occlusie artificieel 
wordt verhoogd met kunststof blokjes. Deze bevinding impliceert dat de reconstructie 
van verloren tandmateriaal in hoogte door een volledige gebitsrehabilitatie zichtbaar zou 
kunnen zijn in het uiterlijk van het gezicht van de patiënt. De klinische studie in hoofdstuk 
3 evalueerde het effect van een volledige gebitsrehabilitatie, inclusief een beetverhoging 
in patiënten met ernstige gebitsslijtage op het uiterlijk van het gezicht. Bij patiënten met 
ernstige gebitsslijtage die restauratief werden behandeld zijn vóór en 1 maand na behandeling 
3D-gelaatopnames gemaakt en de veranderingen in het gelaat zijn gemeten met behulp van 
3D chephalometrische punten. Gebitsmodellen zijn gebruikt om de mate van gebitsslijtage, 
uitgedrukt in een score (Tooth Wear Index, TWI) en de aangebrachte beetverhoging te 
bepalen. De Orofacial Esthetic Scale (OES) vragenlijst is gebruikt om het subjectieve 
waardeoordeel van de patiënt over het uiterlijk van het gezicht te bepalen. Gepaarde 
student t-testen zijn gebruikt om veranderingen te kunnen evalueren. Om de relatie tussen 
uiterlijke veranderingen, aangebrachte beetverhoging en TWI-score te kunnen bepalen 
is een meervoudig regressiemodel gebruikt (p<0,05). 44 patiënten (35 man, 9 vrouw, 
gemiddelde leeftijd: 38,2 ± 7,1 jaar) hebben deelgenomen aan deze studie. De gemiddelde 
maximale TWI-score voor behandeling was 3,3 ± 0,5 en de gemiddelde beetverhoging 
bedroeg 1,6 ± 0,9mm. De hoogte van de onderste gezichtshelft nam toe met 1,9mm 
(p≤0,001). Patiënten rapporteerden een significante verbetering in het uiterlijk voorkomen 
van het gezicht; OES-overzichtsscore was 34,3 ± 11,2 voor behandeling en 59,9 ± 6,8 een 
maand na behandeling (p<0,001). De beetverhoging die is aangebracht resulteerde in een 
significante verandering van de onderste gezichtshelft (p≤0,002), waarbij de TWI-score 
vóór behandeling geen effect had op de veranderingen in het gezicht. De aangebrachte 
beetverhoging en de TWI-score waren niet gerelateerd aan de veranderingen in de OES-
scores. Concluderend is de verandering in het uiterlijk van het gezicht door een volledige 
gebitsrehabilitatie meetbaar met de 3D stereofotogrammetrie.
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Het kauwvermogen wordt beïnvloed door meerdere variabelen zoals leeftijd, geslacht, 
bijtkracht en aantal occlusale eenheden. Gebitslijtage kan ook een rol spelen doordat 
slijtage ervoor kan zorgen dat er veranderingen optreden op het occlusale vlak en verlies 
van beethoogte. Hoofdstuk 4 heeft als doel het evalueren van het effect dat gebitsslijtage 
kan hebben op het kauwvermogen. De aanwezige gebitsslijtage post-canien is gescoord met 
behulp van de Tooth Wear Index (TWI). Het aantal occluderende eenheden is gekwantificeerd 
en de bijtkracht is gemeten met een bijtkrachtmeter. Het kauwvermogen is vastgesteld met 
een zogenaamde breektest met de mediaan partikel grootte (X50) na 20 kauwcycli als 
meetresultaat. Een meervoudige regressieanalyse is gebruikt om de relatie tussen de TWI-
score, leeftijd, geslacht en occlusale eenheden enerzijds en de X50 anderzijds te bepalen. 
52 patiënten (40 man, 12 vrouw, gemiddelde leeftijd: 40 ± 8,2jaar) zijn geïncludeerd 
in deze studie. De TWI score post-canien lag tussen 1,0 en 3,3. Het gemiddelde aantal 
occlusale eenheden per patiënt was 11,9 ± 1,4 en de gemiddelde bijtkracht 369 ± 172 N. 
De gemiddelde X50 bedroeg 4,2 ± 1,1. De resultaten laten zien dat er geen significante 
relatie bestaat tussen de post-canien TWI-score, leeftijd, geslacht, bijtkracht en occlusale 
eenheden enerzijds en de X50 anderzijds (p > 0,13). De conclusie van deze studie laat zien 
dat de aanwezige gebitsslijtage geen effect lijkt te hebben op het kauwvermogen, getest 
met de breektest.
Hoofdstuk 5 had als doel het evalueren van de volledige gebitsrehabilitatie van mensen 
met ernstige slijtage op het kauwvermogen. Bij 23 patiënten met gegeneraliseerde slijtage 
(17man, 6vrouw, leeftijd 41,7 ± 8,3 jaar) is het kauwvermogen vastgelegd met de dezelfde 
breektest welke gebruikt is in hoofdstuk 4. Ook is de bijtkracht vastgelegd, en de TWI 
score post-canien (2,2 ± 0,5). De gemiddelde toename in verticale dimensie door de 
behandeling bedroeg 2,0 ± 1,0mm. Daarnaast is in deze studie gekeken naar 5 specifieke 
vragen van de Oral Health Impact Profile (OHIP) vragenlijst die betrekking hadden op het 
kauwvermogen. De gegevens zijn vastgelegd voor behandeling en 1 maand na behandeling. 
Gepaarde t-testen zijn gebruikt voor de statistische analyse en voor de individuele vragen 
van de OHIP vragenlijst is de McNemar test gebruikt. De resultaten laten geen significant 
verschil zien in gemiddelde partikelgrootte (X50) voor en 1 maand na behandeling 
(p=0,327). De gemiddelde bijtkracht ging 1 maand na behandeling wel significant omlaag 
(p=0,028). De opgetelde score van de 5 OHIP items liet ook een significante afname zien 
1 maand na behandeling (p=0,001). Concluderend laat deze studie zien dat een volledige 
gebitsrehabilitatie in een patiënt met ernstige slijtage op de korte termijn geen effect 
heeft op het kauwvermogen gemeten met de breektest, alhoewel subjectief de patiënt een 
significante verbetering op kauwvermogen ondervond. 
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Spraak is een ander aspect waarnaar is gekeken binnen dit proefschrift, terug te vinden in 
hoofdstuk 6. Slijtage en de behandeling ervan kunnen de beethoogte maar ook de tandvorm 
veranderen wat mogelijk invloed heeft op de spraak. In deze studie is onderzocht wat voor 
veranderingen teweeggebracht kunnen worden door de behandeling en wat daarbij de 
ondervinding van de patiënt zelf is. Voor deze studie zijn 17 patiënten (14 man, 3 vrouw, 
leeftijd 41,2 ± 10,4jaar) geïncludeerd. Dit keer is de mate van slijtage vastgelegd met de 
Tooth Wear Evaluation System (TWES) gebruik makend van intra-orale 3D scans die zijn 
gemaakt van de patiënten. Om de mening van de patiënt te kunnen evalueren is gebruik 
gemaakt van de Nederlandse Spraak Handicap Index (SHI). De akoestische analyse is 
uitgevoerd met behulp van spraakopnames om objectieve veranderingen waar te kunnen 
nemen. Deze spraakopnames zijn gemaakt voor behandeling T0; direct na behandeling, T1; 
en 1 maand na behandeling, T2. Met behulp van PRAAT software is de Centre of Gravity 
(COG) gemeten van verschillende klanken; /s/, /f/, /v/, /d/, /t/, /m/. Het gaat hierbij om een 
getal in Hertz dat het zwaartepunt van een klank weergeeft. De SHI scores zijn geanalyseerd 
met een gepaarde t-test, de veranderingen in COG zijn geanalyseerd met behulp van een 
meervoudig regressiemodel. De TWES score was gemiddeld 3b voor occlusale/incisale 
slijtage binnen deze 17 patiënten. De gemiddelde beetverhoging bedroeg 2,7 ± 0,73mm. 
SHI scores waren niet significant verschillend tussen T0 en T2 (p=0,054). De resultaten van 
de meervoudige regressie laten zien dat de intercept negatief was voor alle klanken maar 
dat dit alleen significant omlaag was gegaan voor de klanken /s/ en /f/ tussen T0 en T1. Het 
effect van de initiële verandering (tussen T0 en T1) op de verandering tussen T1 en T2 was 
duidelijk negatief voor alle klanken (p<0,001) met een rebound effect tussen de 29% en de 
68% van de initiële verandering. Het is duidelijk dat de COG voor de onderzochte klanken 
is veranderd, maar het is lastig hier een positieve of negatieve conclusie aan te verbinden. 
Kijkend naar de mening van de patiënten, ook al was de SHI net niet positief significant 
verschillend tussen T0 en T2, laat dit wel zien dat patiënten geen negatieve invloed op hun 
spraak in het dagelijks leven hebben ervaren door de behandeling die zij hebben gehad.
Het doel van de studie beschreven in hoofdstuk 7 was het identificeren van de oraal 
gerelateerde kwaliteit van leven en het orofaciale uiterlijk in patiënten met matige tot 
ernstige gebitsslijtage. Patiënten met matige tot ernstige gebitsslijtage en met of zonder 
een concrete functionele of esthetische hulpvraag voor een restauratieve behandeling 
zijn geïncludeerd in deze studie. Dit waren 124 patiënten (98 man, 26 vrouw, gemiddelde 
leeftijd: 40,5 ± 8,8 jaar). Patiënten zonder hulpvraag voor een restauratieve behandeling 
hebben uitleg gekregen (counseling) en worden een aantal jaar gevolgd (monitoring). 
Patiënten met een hulpvraag voor restauratieve behandeling zijn behandeld met een 
volledige gebitsrehabilitatie van directe composietrestauraties.
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De Oral Health Impact Profile (OHIP-NL) en de Orofacial Esthetic Scale (OES-NL) 
vragenlijsten zijn ingevuld vóór behandeling en 1 jaar later. De resultaten voor de counseling 
en monitoring groep waren op baseline voor de OHIP-score 0,4 ± 0,3, de overzichtsscore 
voor de OES 48,0 ± 7,0 en de impressie score van de OES 7,1 ± 1,2. De scores na 1 jaar 
waren niet significant veranderd (p=1,0 na Bonferroni correctie). Voor de groep die een 
volledige gebitsrehabilitatie heeft ondergaan was de baseline OHIP-score 0,8 ± 0,6, de 
baseline overzichtsscore voor de OES 38,0 ± 10,0 en de baseline impressie score 5,9 ± 1,5. 
De scores waren significant verbeterd na 1 jaar (p < 0,001 na Bonferroni correctie). Hieruit 
valt op te maken dat de counseling en monitoring na 1 jaar bij deze groep patiënten niet leidt 
tot significante verslechtering van de kwaliteit van leven en dat als er een hulpvraag is voor 
een restauratieve behandeling de oraal gerelateerde kwaliteit van leven na 1 jaar significant 
is verbeterd.
Tenslotte worden in hoofdstuk 8 de onderzoeksresultaten tegen het licht gehouden en 
afgezet tegen de reeds bestaande literatuur. Het primaire doel van dit proefschrift was 
het onderzoeken van verschillende effecten van gebitsslijtage en de rehabilitatie ervan met 
een volledige opbouw. Omdat onderzoeksvragen in dit proefschrift onder andere gebaseerd 
zijn op ervaringen van de patiënt, heeft de patiënt om die reden een belangrijke rol gehad 
binnen dit proefschrift. Op basis van de resultaten, verkregen binnen dit proefschrift 
concluderen we dat de effecten van een volledige gebitsrehabilitatie geen invloed hebben 
op de oraal gerelateerde kwaliteit van leven of juist een zeer positieve invloed hebben op de 
oraal gerelateerde kwaliteit van leven.
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Dankwoord (Dutch)
Ik wil graag mijn dank uitspreken aan de mensen die direct of indirect betrokken zijn geweest 
bij mijn promotietraject.
Prof. dr. M.C.D.N.J.M. Huysmans, beste Marie-Charlotte, in mijn laatste jaar van de 
opleiding heb ik je beter leren kennen en omdat er na mijn opleiding plaats was voor een 
promovenda op de afdeling heb je mij gevraagd of ik daar interesse in had. Zoals ik al vaker 
heb gezegd is heel mijn verdere carrière boven een mond hangen niet voor mij weggelegd. 
Hierbij wil ik je graag hartelijk bedanken voor de kans die jij mij gegeven hebt om me verder 
te ontwikkelen op wetenschappelijk gebied. Niet alleen wetenschappelijk maar als persoon 
ben ik veranderd in positieve zin, nogmaals hartelijk bedankt voor de potentie die je in mij 
zag en je steun in de afgelopen jaren.
Dr. B.A.C. Loomans, beste Bas, mijn opstap naar mijn wetenschappelijke carrière. Zonder 
jou was ik nooit in deze positie geweest. Je altijd positieve inslag in het leven heeft mij 
door vele moeilijke tijden heen gesleept die een promotie traject in zich heeft. Niet alleen 
wetenschappelijk maar ook praktisch heb ik ontzettend veel van je geleerd en bewonder ik 
je tomeloze inzet om patiënten de zorg te geven die ze nodig hebben, en dat zo minimaal 
invasief mogelijk. 
Dr. S.I. Kalaykova, beste Stanimira, in het eerste jaar van mijn promotie ben je gevraagd 
mijn tweede co-promotor te worden. Het evenwicht tussen PCT en Orale functieleer was 
hiermee gecreëerd. Jouw liefdevolle belangstelling in mij en mijn werk gaven mij een fijn 
gevoel en jouw vragen bij correcties van stukken zorgden er voor dat ik me niet blind staarde 
op mijn eigen invalshoek.
Prof. Dr. Ir. S.C.G. Leeuwenburgh, Prof. Dr, M.S. Cune en Prof. Dr. D. Bartlett, beste 
leden van de manuscriptcommissie, bedankt voor het beoordelen van dit proefschrift.
Prof. dr. F. Lobbezoo en Dr. P. Wetselaar, beste Frank en Peter, ik wil jullie graag hartelijk 
bedanken voor de samenwerking omtrent een van mijn artikelen. Dat deze prettige 
samenwerking mag voortduren om het onderwerp gebitsslijtage met meerdere grote centra 
samen te kunnen onderzoeken.
Dr. L. van den Engel-Hoek, beste Lenie, bedankt voor je samenwerking en je ideeën omtrent 
de spraak studie. Voor mij was dit nog onontgonnen gebied en jij hebt me wegwijs gemaakt 
in de beginselen van het analyseren van spraak.
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Dr. S. Knuijt, beste Simone, dank voor je enthousiasme voor mijn project en je bereidwilligheid 
mij verder wegwijs te maken op het gebied van spraak. Dank ook voor je begeleiding met 
studentprojecten.
Beste J.J.P. Kerkhoff, beste Joop, via Lenie heb ik jou mogen leren kennen. Wat was ik 
aangenaam verrast over je toewijding mij te willen helpen de analyse van spraak te willen 
begrijpen. Heel wat studenten tandheelkunde hebben bij jou aangeklopt om de analyse zich 
eigen te maken en allemaal met als resultaat een prachtige scriptie en uiteindelijk mijn 
artikel, bedankt.
Medewerkers Audiologisch Centrum, beste Wilma en Bertie, zonder het gebruik van de 
geluidsdichte ruimte op het audiologisch centrum was het bereikte resultaat niet mogelijk 
geweest. Dank voor jullie medewerking in planning en organisatie omtrent het gebruik van 
de ruimtes.
Afdeling MKA, Thomas en Rinaldo, het begon met de pilot studie voor mijn scriptie en nu 
ben ik gepromoveerd. Ik wil jullie hartelijk danken voor de samenwerking met het 3D lab 
welke er voor gezorgd heeft dat ik twee prachtige artikelen heb kunnen schrijven.
Ernstig Slijtage Onderzoeksproject (ESO) patiënten, zonder jullie was er geen 
promotietraject. Ik wil jullie graag bedanken voor de bereidwilligheid mee te werken aan 
alle deelonderzoeken waardoor ik nu een prachtig promotietraject heb af kunnen ronden.
Prof. dr. M. Hulscher, beste Marlies, mijn mentor tijdens mijn promotietraject. Ik wil je 
graag bedanken voor de fijne gesprekken die wij gevoerd hebben en je steun om te zorgen 
dat dit project werd afgerond.
Beste Jan Ruben, dank je wel voor alle momenten dat ik weer bij je aan kwam kloppen omdat 
ik iets nodig had en je altijd voor me klaar stond.
Dr. Ir. E.M. Bronkhorst, beste Ewald, ik ben je heel erg dankbaar voor al je tijd en inzet om 
te zorgen dat mijn artikelen statistisch goed in elkaar zitten. Maar daarnaast ook voor al je 
grapjes over de mail en in de wandelgangen, ze zorgden ervoor dat het niet heel de dag over 
moeilijke dingen ging.
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Het ESO-team, beste Sylvia,Yvonne, Bernadien, Hilde en Luuk, zonder jullie was ik al 
ik weet niet hoe vaak gestopt met het promotietraject. Sylvia en Yvonne, ik had dit niet 
af kunnen ronden als ik niet elke donderdag met jullie had kunnen praten over waar ik 
me nu weer druk over maakte. We hebben bijzondere momenten maar ook minder leuke 
momenten samen gehad en ik wil jullie dan ook laten weten dat ik onze tijd samen nooit 
vergeet.
Beste Mark en Nicolien, samen met jullie op een kamer werken was een feest. Mark en 
ik als groentjes werden wegwijs gemaakt door jou, Nicolien. We hebben veel gesprekken 
gehad over het combineren van verschillende banen en een gezinsleven en ik waardeerde 
deze gesprekken zeer. 
Beste Jozien, Mariëlle, Mechteld, Sanne en Kim, wat ben ik blij dat ik met jullie mag werken 
in de algemene praktijk. Het was een fijne afwisseling met de dagelijkse beslommeringen 
van een promotietraject en ik ga dan ook steeds met veel plezier naar Arnhem toe.
Lieve broer en zussen, Dorothé, Thomas en Rosalie. Zo fijn dat we een goede band hebben 
met elkaar en elkaar regelmatig zien. Alhoewel het aan de keukentafel eigenlijk altijd over 
medische onderwerpen gaat met al die dokters en apothekers zijn de verhalen die we mee 
maken er niet minder smakelijk om en wordt er veel gelachen.
Lieve mama en papa, de volgende mijlpaal is bereikt. Zonder jullie steun en liefde was het mij 
niet gelukt. Het doorzettingsvermogen en de discipline die ik van jullie heb meegekregen 
heeft er voor gezorgd dat ik nu hier mag staan en mijn promotie heb af kunnen ronden. Ik 
ben jullie hier erg dankbaar voor.
Sebastiaan en Floris, mijn mannetjes. De mooiste plek op deze wereld is de plek waar ik met 
jullie ben, want jullie zijn de liefste, de allerliefste die ik ken!
Sean, mijn beste maatje. Wie had dat gedacht toen we elkaar op 1 april 2008 tegen kwamen. 
Nu staan we hier, beide met een afgeronde promotie op zak, en twee prachtige kinderen. 
Wat heerlijk dat jij zo ontzettend positief en open in het leven staat en daarbij niet uit 
het oog verliest wat belangrijk is, namelijk genieten. En dat gaan we zeker doen, wie weet 
worden we samen allebei 120!
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Curriculum Vitae
Bernadette Sterenborg werd op 2 februari 1988 te Venlo geboren. Na haar gymnasium 
diploma gehaald hebbende aan het Titus Brandsmalyceum in Oss begon zij de vernieuwde zes-
jarige studie Tandheelkunde aan de Radboud Universiteit Nijmegen in 2007. Op 5 juli 2013 
ontving zij haar tandarts diploma. Na het afstuderen is ze begonnen aan haar promotietraject 
aan de afdeling Preventieve en Curatieve Tandheelkunde van het Radboudumc in Nijmegen 
in september 2013. Naast haar promotietraject heeft zij in verschillende tandartspraktijken 
gewerkt. Momenteel is ze werkzaam in een tandartspraktijk in Arnhem. Op 2 juli 2016 is 
zij getrouwd met Sean Roerink en op 20 augustus 2017 en 23 maart 2019 zijn hun zonen 
Sebastiaan en Floris geboren.
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Data management plan
This thesis is based on the results of human studies, which were conducted in accordance 
with the principles of the Declaration of Helsinki. The medical and ethical review board 
Committee on Research Involving Human Subjects Region Arnhem Nijmegen, Nijmegen, 
the Netherlands has given approval to conduct these studies.
This project is stored on the Radboudumc, department server: (H:)THKdata$(\\umcfs012) 
under ALG PCT.
In our studies patients received questionnaire booklets containing the written informed 
consent during the physical examination moment; before treatment, one month after 
treatment, one year, 3 years and after 5 years after treatment. The participating research 
members filled in the research form on paper. The paper data were stored in the department 
archive (Radboudumc, archive 4th floor). All paper data were entered into the computer by 
use of Filemaker. Data management and monitoring were also performed within Filemaker (as 
Castor was not available at the start of the project in 2009, we still use Filemaker for ongoing 
studies. For new studies Castor is used). The privacy of the participants in this study is warranted 
by use of encrypted and unique individual subject codes. This code correspondents with the 
code on the patient- and physicians booklets. The code was stored separately from the study 
data. Data where converged from Filemaker to SPSS (SPSS Inc., Chicago, Illinois, USA).   
  
The patient data for the analyses of the studies as presented in chapter 2, 3, 4, 5, 6, and 7 is stored on 
the departments’ H-drive (H:)THKdata$ \UMCFS012\ALG PCT\ESO\Data in Filemaker. 
  
The data will be saved for 15 years after termination of the study (July 1, 2022). Using these 
patient data in future research is only possible after a renewed permission by the patient as 
recorded in the informed consent. The datasets analyzed during these studies are available 
from the corresponding author on reasonable request.
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Name PhD candidate: BAMM Sterenborg PhD period: 01-09-2013  -  27-09-2019
Promotor(s): prof. dr. M.C.D.N.J.M. Huysmans
Graduate school: Radboud Institute for 
Health Sciences
Co-promotor(s): dr. B.A.C. Loomans 
dr. S.I. Kalaykova
Courses Year completed ECTS
RIHS PhD introduction course 2013 0.75
BROK (Radboudumc) 2013 1.5
Diagnostiek en behandeling van gebitsslijtage in al zijn facetten (Radboudumc) 2013 0.4
Statistiek cursus (intern) (Radboudumc) 2014 2
De esthetische composiet(veneer) restauratie in het front (Radboudumc) 2015 0.4
Management voor Promovendi 2016 2
Presentation skills training for lecturers (3M) 2016 3
Scientific Integrity for PhD candidates 2016 1
BROK reregistration (Radboudumc) 2017 0.2
Teaching Year completed ECTS
Post academisch onderwijs tandheelkunde (PAO-Tandheelkunde) 2014
Pia di Giovanni; Een nieuwe beethoogte na restauratieve behandeling; Msc fase; 
sept 2013- mei 2014 (Radboudumc)
2014
Thessa Kossen; De versleten dentitie en spraak; Msc fase; mei 2015- mei 2016 
(Radboudumc)
2016
Mark Drijvers; Kauwfunctie bij ernstige gebitsslijtage; Msc fase; mei 2016-mei 
2017 (Radboudumc)
2017
Paulien Buijs; De effecten van een beetverhoging op het uiterlijk van het gezicht; 
Msc fase; mei 2016 - mei 2017 (Radboudumc)
2017
Annemarie Schokkin; Spraakverandering bij gebitsopbouw;Msc fase;mei 2017-
mei 2018 (Radboudumc)
2018
Ellen van Sambeeck en Sanne Limonard; Spraakverandering bij mensen met 
ernstige gebitsslijtage; Msc fase; jan-juni 2018 (Radboudumc)
2018
Conferences, seminars and lectures Year completed ECTS
Oral presentation: 3D Visual Effects of an Increased VDO, a Pilot Study (IADR) 2014 1
Total EC points: 12.3 of which 12.3 completed
